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Abstract 
The growing demand of fossil fuel resources comes at a time of diminishing reserves of these 
non-renewable resources. To sustain modern civilization an alternative resource must be found 
to continue the supply of energy and chemicals. In addition, implementation of an alternative 
feedstock implies the development of new catalyst systems and processes. 
Being renewable, biomass is the only sustainable source of energy and organic carbon. 
Utilizing straightforward chemical methods, biomass can be transformed into  
5-hydroxymethylfurfural (HMF), a platform chemical that can serve as an important 
intermediate to biofuels and commodity chemicals. This thesis describes the reaction systems 
for the selective conversion of carbohydrates to HMF and its further upgrading to potential 
biofuels via aldol condensation and subsequent hydrogenation reactions.  
Dehydration of sugars to HMF was conducted in a two-phase solvent system based on 
environmentally benign solvents. Thereby, the employment of novel acidic resin catalysts was 
demonstrated. Varying the physico-chemical properties of the catalysts makes it possible to 
identify factors governing the dehydration reaction. Accordingly, a high density of accessible 
acid sites and low cross-linker content facilitated the highest selectivity towards the desired 
HMF product. Recycling experiments were performed to prove the stability of polymeric 
materials as solid acid catalyst. With the aim to produce a variety of potential biofuels, 
upgrading of HMF via a C-C bond forming reaction was chosen. Here, liquid-phase aldol 
condensation of HMF and acetone catalyzed over solid bases was investigated. Thereby, Mg-
Al hydrotalcites with different Mg/Al molar ratios and spinel oxides such as MgAl2O4, 
ZnAl2O4 and CoAl2O4 were synthesized and characterized. Temperature-programmed CO2 
desorption measurements verified the Brønsted OH- groups as the active basic sites. 
Moreover, in the case of Mg-Al hydrotalcites calcination and subsequent rehydration were 
required to generate suitable active sites. The larger surface area of mesoporous spinels 
provided more accessible active sites leading to higher catalytic activity. To investigate the 
reusability of the materials as solid base catalyst recycling tests were performed. 
Furthermore, with the aim to design a multifunctional catalyst and with respect to process 
integration, metal was introduced into a mesoporous spinel. Noble as well as non-noble 
metal loaded spinel oxides showed high activity in both aldol condensation and subsequent 
hydrogenation into potential biofuels. Thereby, Cu/MgAl2O4 enabled selective formation 
of previously unreleased product. Noteworthy, transfer hydrogenation was successfully 
employed utilizing Cu/MgAl2O4 and isopropanol as a hydrogen donor.  
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1. Introduction & Motivation 
Development of human civilization has always been directly or indirectly associated with 
the use of energy. The importance of energy as an essential ingredient in economic growth 
as well as in any strategy for improving the quality of human beings is well established.1 
Energy is fundamental for the social and economic development and stability of any 
country. Accordingly, better living conditions lead to an increased rate of population 
growth. The population of the Earth increased from 2.5 billion to more than 7 billion since 
1950 and average energy consumption per person more than doubled in the same period.2  
 
 
Figure 1.1 World consumption of fossil resources.3 
 
Prior to the industrial revolution in the 19th century, biomass was the main source of 
energy and materials.4 However, because of the wide availability of cheap fossil resources 
(e.g., petroleum, coal and natural gas) the use of biomass for industrial production was 
largely abandoned during the second half of the 20th century. Until now, modern 
civilization still relies on fossil fuels as a primary energy source. Moreover, the world is 
highly dependent on the utilization of fossil resources to fulfill its energy demand, which is 
predicted to increase steadily, as shown in Figure 1.1.3 The increasing rate of fossil fuel 
consumption entails many concerns and opens important questions: How big is supply of 
these fossil fuels on earth and how long will fossil fuel last?5 To answer those questions it 
is necessary to distinguish between fossil fuel reserves - the amounts that can be extracted 
and used with existing technology and fossil fuel resources - the amounts thought or 
known to exist that cannot be extracted economically with existing technology.5 An 
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example of a fossil fuel resource is the petroleum remaining in old oil fields that can no 
longer be operated profitably or for natural gas, the limit is reached when the cost of 
extracting becomes higher than the selling price.5 This distinction makes evidence that 
earth’s fossil fuel resources are larger than its reserves. However, mankind will continue to 
exploit these, as long as increasing selling prices or advancing technology make it 
profitable to harvest them.  
The first known and oldest fossil fuel is coal. Coal has played a key role as a primary 
energy source as well as a primary source of organic chemicals.6 It is the most abundant 
and widely distributed fossil fuel. The known total world recoverable reserves of coal are 
estimated at 998 billion tons, which is enough for consumption at the current rate for over 
215 years.7 Although coal deposits are widely distributed, 67% of the world’s recoverable 
reserves are located in four countries: the United States (27%), Russia (17%), China (13%) 
and India (10%). In 2004, these four countries accounted for 66% of total world coal 
production.7 In the past several decades, the dominant use of coal has been combustion in 
power plants to generate electricity. Besides combustion, there are four widespread 
processes that allow for making chemicals from coals: gasification, liquefaction, direct 
combustion and co-production of chemicals and fuels along with electricity. A successful 
example of coal gasification is the production of syngas (a mixture of CO and H2) at 
SASOL plants in South Africa, which is then converted to paraffinic liquid fuels and 
chemicals by Fischer-Tropsch synthesis.8 Furthermore, by utilizing strategies mentioned 
above, coal can be converted into aromatic and phenolic chemicals, specialty chemicals 
and carbon-based materials.6  
Although the earliest known crude oil wells were drilled in China in 4th century, the 
modern history of petroleum began in 1852, with the discovery of the refining kerosene. In 
1861 the first Russian refinery was built, which at the time produced about 90% of the 
world’s oil. Today the world largest oil producer is Saudi Arabia, followed by Russia and 
the United States.9 Historically, estimates of world oil reserves have generally trended 
upward and oil reserves are estimated at 1.3 billion barrels.7 Thereby, more then 80% of 
the world’s proven oil reserves are located in OPEC member countries, with the highest 
reserves in Venezuela, Saudi Arabia, Iran and Iraq.10 Owing to the diversity of its end 
products, petroleum, as shown in Figure 1.1, is the largest single source of energy 
consumed by the world’s population. In oil refinery crud oil can be cleaned and separated 
into various fuels e.g., gasoline, heating oil, diesel and jet fuel. Furthermore, 
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petrochemicals such as olefins and aromatics are the basic building blocks in chemical 
industry used for the production of plastics, fibers, solvents, fertilizers and adhesives.11  
Natural gas is a combustible mixture of lightweight alkanes and its composition can vary 
widely. While natural gas is formed primarily of methane, it can also include ethane, 
propane, butane and pentane with varying quantities of carbon dioxide, carbon monoxide, 
nitrogen, hydrogen, etc.12 World natural gas reserves are estimated at 6.183 trillion cubic 
feet.7 Almost three-quarters of the world’s natural gas reserves are located in the Middle 
East and Eurasia. Thereby, Russia, Iran, and Qatar account for about 58% of the world’s 
natural gas reserves.7 Although there are so many different applications for this fossil fuel, 
natural gas remains a key fuel in the electric power and industrial sectors. In the power 
sector, natural gas is an attractive choice for next generation power plants because of its 
relative fuel efficiency. Additionally, natural gas as the cleanest fossil fuel produces less 
carbon dioxide per joule delivered than coal and oil and emits fewer harmful pollutants 
than other hydrocarbon fuels.13 At the current growth rate of conventional natural gas 
consumption, this fuel, if only natural gas reserves are considered, will last about a 
century.5 There are, however, other forms of natural gas that, if it could be harvested 
economically, could offer even more potential. Methane gas hydrates are potentially one of 
the most important energy resources for the future with the global methane reserves 
estimated at about 20.000 trillion cubic meters.14 Methane hydrates are crystalline solids 
formed by the combination of methane and water at low temperatures and high pressures. 
They have an ice-like crystalline lattice of water molecules with methane molecules 
trapped inside.14 Enormous reserves of hydrates can be found under continental shelves 
and on land under permafrost. However, due to the solid form of the gas hydrates, 
conventional gas and oil recovery techniques are not suitable. Therefore, the development 
of new and lower-cost technologies is required for an economical and safe production of 
methane from gas hydrate deposits.15 
Although fossil fuels are still essential for our current energy and raw materials supply, the 
utilization of these non-renewable sources may contribute to long-term climate change. As 
already mentioned, combustion of fossil fuels is problematic because it releases CO2, the 
most abundant anthropogenic greenhouse gas,16 thereby causing climate problems such as 
global warming. Figure 1.2 reveals that the world CO2 emission is at an increasing trend in 
which CO2 emissions from coal account for the highest share of global greenhouse gas 
emissions.  
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Figure 1.2 World carbon dioxide emissions by fuel type.7 
 
Due to simultaneously increasing energy demand, atmospheric CO2 levels and the fact that 
fossil resources are not infinite in their extent, new solutions to substitute these  
non-renewable resources are continuously sought. Especially, with the growing concerns 
of greenhouse emissions, biomass is set to become an important contributor to the world 
energy need. Today, biomass is the most promising energy source to mitigate greenhouse 
gas emissions, as shown in Figure 1.3, and a prime candidate essential for the production 
of conventional liquid transportation fuels17 and petrochemical products.18 
 
 
Figure 1.3 A closed-loop carbon cycle created by utilization of biomass. 
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Biomass is the 4th largest energy source worldwide accounting for approximately 15% of 
total energy supply.19 The total biomass of the world is 1800 billion tons on the ground and 
4 billion tons in the ocean.20 This represents 33 000 EJ on energy basis, which corresponds 
to 80 times or more of the annual energy consumption of the world.20 
As a result of different origins and compositions, there is a wide variety of biomass, e.g. 
forestry, agricultural residues, energy crops, wastes.21 Due to diversity of biomass the 
development of one universal conversion process is difficult. However, the process of 
converting biorenewables is not new. Direct combustion is one of the oldest ways to use 
biomass to produce energy. Furthermore, since 6000 BC sugarcane has been used for the 
production of ethanol. Also the ancient Egyptians produced alcohol by naturally 
fermenting vegetative materials.22 Nowadays, the technology of biomass conversion is 
based on thermochemical and biochemical conversion processes. Thermochemical 
processing involves liquefaction, gasification and pyrolysis while biochemical processing 
includes anaerobic digestion and fermentation. As Figure 1.4 represents, all these 
conversion possibilities can be integrated and utilized in an intergrated biorefinery.  
 
 
Figure 1.4 Schematic diagram of a potential biorefinery concept.23 
 
A biorefinery represents an innovative approach which offers a complete transformation of 
biomass feedstocks into a spectrum of valuable products: biofuels, bio-energy (heat and 
power) and biochemicals. The biorefinery concept is analogous to today’s petroleum 
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refineries and it will use only the technologies that are the most cost effective for 
converting a certain type of biomass into a certain collection of desired end products. 
Today existing operational large-scale biorefineries deliver predominantly food products 
such as soy oil, potato starch and gluten. However, these existing biomass-based 
production processes may be optimized and novel processes may be developed that are 
more energy and cost effective so that they can also be applied for non-food uses. 
Therefore, by exploiting new chemical, biological and mechanical technologies, 
biorefineries offer the promise to greatly expand the use of renewable plant-based 
materials. Actually, this expansion has started to take place and biofuels are perfect 
examples.  
As mentioned above, biomass can be directly transformed into liquid fuel, an important 
energy source. Fuels from crude oil supply about 96% of the worldwide energy demand for 
transportation.24 However, crude oil reserves, as stated above, are limited and unevenly 
distributed in the world, with the most important reserves in politically unstable regions. In 
addition, internal combustion engines will continue to be the dominant transport 
technology using mostly liquid fuels produced from both fossil and renewable sources. 
Moreover, in 2010 transport produced 22% of global CO2 emissions.25 Therefore, to 
replace a significant share of fossil fuel and to reduce environmental pollution, biofuels 
provide the best option.  
Production of biofuels began in the late 19th century, when ethanol was derived from corn 
and Rudolf Diesel’s first engine ran on peanut oil.26 Until the 1940s, biofuels were seen as 
viable transport fuels, but falling fossil fuel prices stopped their further development. 
Interest in commercial production of biofuels for transport rose again in the 1970s, when 
ethanol began to be produced from sugarcane in Brazil and then from corn in the United 
States. In most parts of the world, the fastest growth in biofuel production has taken place 
over the last 10 years which led to an increased development of a ,,green biorefinery.’’27  
Today a wide variety of conventional and advanced biofuel conversion technologies 
already exists. Based on their production technologies biofuels can be classified into:  
first-generation biofuels (1stGBs), second-generation biofuels (2ndGBs), third-generation 
biofuels (3rdGBs) and fourth-generation biofuels (4thGBs). The 1stGBs include sugar- and 
starch-based ethanol, oil-crop based biodiesel as well as biogas derived through anaerobic 
digestion. These biofuels are produced on a commercial scale using conventional 
technologies. The 2ndGBs and 3rdGBs are also called advanced biofuels since their 
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conversion technologies are still in the research and development, pilot or demonstration 
phase.28 Unlike 1stGBs, the advanced biofuels are produced from non-food crops. This 
category includes biofuels based on lignocellulosic biomass, such as cellulosic-ethanol and 
biomass-to-liquid (BtL)-diesel as well as algae-based biofuels. The appearing 4thGBs use 
genetically optimized feedstocks, which are designed to capture large amounts of carbon, 
with genomically synthesized microbes, which are made to efficiently make fuels. One 
such technology is the ,,solar-to-fuel’’ method developed by Joule Technology, where 
sunlight, waste CO2 and engineered microorganisms are combined in ,,solar converters’’ to 
create fuel.29 
Through gasification, one of the oldest and the simplest methods of processing, biomass is 
converted into syngas via partial combustion at high temperatures (1273 K).30 Followed by 
Fischer-Tropsch synthesis syngas can be upgraded to liquid fuels such as diesel and 
gasoline.31 Unlike gasification, pyrolysis takes place in the absence of oxygen and at lower 
temperatures typically in the range of 573 to 773 K.32 In this process biomass is converted 
into bio-oil, i.e. a liquid mixture of sugars, aldehydes, ketones, esters, alcohols and 
aromatics.33 Due to its high acidity and oxygenate content bio-oil is not suitable for direct 
use in existing engines. However, through upgrading approaches such as 
hydrodeoxygenation34 and steam reforming17a, bio-oils can be transformed into useful 
fuels. 
With regard to the expected growth of the biofuels market extensive investigations have 
focused on developing new and efficient strategies for the production of biofuels.33, 35 In 
general, treatment of biomass-derived carbohydrates (e.g. hexoses) gained great attention 
as a starting source of biofuels production. Carbohydrates allow access to valuable 
platform chemicals such as 5-hydroxymethylfurfural (HMF) and levulinic acid (LA).36 
These value-added compounds can be further upgraded to useful fuels, as depicted in 
Figure 1.5. For instance, 2,5-dimethylfuran (DMF), that exhibits properties similar to 
current petroleum-based gasoline fuel, can be produced from fructose in a two step 
process.37 Fructose is first dehydrated to HMF which is then hydrogenolysed to DMF. On 
the other hand, HMF as a highly reactive compound easily decomposes to LA. The key 
intermediate which allows efficient transformation of LA into fuels is γ-valerolactone 
(GVL). GVL possesses a high versatility to synthesize liquid fuels of diverse classes.33 
Recently, Lange et al. exploit GVL for the synthesis of ,,valeric biofuels’’ (i.e. alkyl 
valerates) which represent a new family of biofuels with excellent properties to be used in 
engines without any modification.38 
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C-C couplinggasoline fuel
Gasoline and diesel fuels
Diesel and jet fuels
Figure 1.5 Selected transformations of biomass into biofuels. 
 
Another alternative strategy to upgrade platform chemicals involves additional C-C 
coupling reactions (e.g. aldol condensation, ketonization). This route facilitates the 
formation of linear alkanes with molecular weights appropriate for diesel and jet fuel 
applications (C9-C15). The research was introduced by Dumesic and his co-workers. 
Desired alkanes were obtained from HMF in a cascade process involving dehydration, 
hydrogenation and aldol-condensation reactions.39 This technology requires an external 
carbonyl-compound (typically acetone) to initiate the condensation step. The generated 
aldol product is then hydrogenated and converted into liquid alkanes via aqueous-phase 
dehydration/hydrogenation reactions (APD/H). The main drawback of this technology is 
the large number of steps required to achieve complete deoxygenation and molecular 
weight adjustment of the final hydrocarbon product. Accordingly, implementation of few 
processing steps as possible plays a decisive role in order to establish cost-competitive and 
efficient biorefinery process. Therefore, the main challenge in the processing of biomass to 
fuels is the development of new catalytic strategies that enable the integration of multiple 
reactions. 
With regard to aforementioned challenge, this PhD thesis, as summarized in Figure 1.6, 
addresses an integrated three-step-reaction process for the catalytic transformation of 
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biomass feedstocks into platform compound and its upgrading into value-added chemicals 
and potential fuels. Chapter 2 describes an experimental study on the acid-catalyzed 
dehydration of sugars into HMF. The primary objective is to define optimum reaction 
conditions and to investigate the influence of the properties of the catalysts on the desired 
reaction in order to obtain maximum HMF-selectivity. Also, the role of HMF as an 
,,economic driver for the biorefinery’’ will be discussed in more details. In chapter 3 a 
further conversion of HMF via C-C bond formation chemistry (aldol condensation 
reaction) to obtain higher molecular weight compounds is presented. Different solid base 
catalysts were tested, whereby spinel oxides proved to be more active and selective solid 
base catalysts than previously described systems. Moreover, a spinel oxide was used as a 
metal support in order to design a bifunctional catalyst which is used in the subsequent 
hydrogenation reaction. In the final step, in chapter 4, the hydrogenation of the aldol 
products is explored. Here, a copper supported catalyst which showed high selectivity to a 
new and previously unreleased product, which can serve as a potential biofuel or fuel 
additive, is highlighted. Furthermore, this noble metal free catalyst was successful in 
performing a transfer hydrogenation reaction enabling an efficient hydrogen management 
in future biorefinery concepts.  
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Figure 1.6 Schematic overview of the thesis. 
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2. Solid acid-catalyzed dehydration of carbohydrates into HMF  
2.1. State of the art 
2.1.1. Carbohydrates as renewable chemical raw materials 
Lignocellulosic biomass is the only current sustainable source of organic carbon and after 
fossil resources the largest energy source on Earth. Because of its abundance, renewability 
and worldwide distribution an increasing effort has been devoted to find ways to utilize 
biomass as feedstock for the production of organic chemicals.17a In order to fully utilize 
plant biomass it is necessary to understand its composition. Lignocellulose which includes 
cellulose, hemicellulose and lignin, is the building block of all plants. Figure 2.1 displays 
the chemical composition of biomass that can vary depending on the type of biomass.40 
Cellulose represents the largest fraction in plant biomass amounting to ca. 40% of the total 
biomass composition.41 Hemicellulose comprises about 25% of the biomass composition 
while lignin’s share in the biomass is estimated at ca. 20%.42 Other natural compounds 
such as lipids, proteins, oils, inorganics and other extractives represent a minor constituent 
with the share of ca. 5%.42b 
 
Figure 2.1 Chemical composition of plant biomass.  
Cellulose is a linear polymer of glucose composed of repeating anhydroglucose units 
which are bound together via β-(1,4)-glycosidic linkages (Figure 2.2). This β-(1,4)-
glycosidic linkage leads to an arrangement of the pyranose rings in a chain-like fashion 
enabling an intense intramolecular hydrogen bonding between the groups nearby the 
glucosidic bond.43 As a consequence, cellulose results in a planar sheet structure which can 
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be efficiently packed through van der Waals forces or intermolecular hydrogen bonding.44 
Therefore, most chemical functionalities of cellulose are not easily accessible to solvents, 
reagents and enzymes. 
 
Figure 2.2 Structure of cellulose. 
Unlike cellulose, hemicellulose (Figure 2.3) is a polymer of five different monosaccharide 
units, mostly five-carbon sugars (arabinose and xylose) and six-carbon sugars (glucose, 
mannose and galactose). In addition, the polymer chains of hemicellulose have short 
branches. The overall structure is amorphous. Because of its amorphous morphology, 
hemicellulose, compared to cellulose, can be relatively easy hydrolyzed to its sugar 
monomers.  
 
Figure 2.3 Structure of hemicellulose. 
Lignin is a high molecular weight compound with a complex three-dimensional structure. 
It consists of non-sugar type macromolecules. It is a highly cross-linked polymer built of 
hydroxyphenylpropene units with p-coumaryl alcohol, coniferyl alcohol and sinapyl 
alcohol as the three most prevalent monomers (Figure 2.4).45 Its reactivity arises from the 
presence of biaryls, phenols, aryl ethers, etc. Furthermore, its phenolic nature makes lignin 
a very powerful radical scavenger.46  
In biomass, cellulose and hemicellulose represent stored carbohydrates (saccharides or 
sugars) produced by photosynthesis. Carbohydrates account for the most important organic 
compounds in terms of volume produced since they represent about 75% of the annually 
renewable biomass of about 200 billion tons.47 However, only 3% are used by mankind 
whereas the rest decays and recycles along natural pathways.47  
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Figure 2.4 Exemplary structure of lignin.48 
 
The bulk of annually renewable carbohydrates are polysaccharides (cellulose and 
hemicellulose) with the main non-food utilization in textile, paper and coating industries. 
However, organic commodity chemicals are usually of low molecular weight. Thus, they 
are obtained more from low molecular weight carbohydrates than from polysaccharides. 
On the large-scale, low molecular weight carbohydrates such as sucrose, glucose and 
fructose (Figure 2.5) can be easily obtained based on polysaccharides. Sucrose, designated 
as ,,the royal carbohydrate” is the worlds most abundantly produced organic compound 
with an annual world production of 169 million tons.49 Large scale production of glucose 
and fructose is accomplished by hydrolysis of starch and inulin, respectively.50 In addition, 
 
D-Glucose                D-Fructose                        Inulin                          Sucrose  
Figure 2.5 Chemical structure of monosaccharides D-glucose and D-fructose, disaccharide sucrose and 
polysaccharide inulin. 
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relatively low prices of these mono- and disaccharides make them even more attractive as 
an organic raw material. Interestingly, the prices of the four cheapest sugars (sucrose, 
glucose, lactose and fructose) are in the range of some standard solvents such as methanol 
and acetone.49 Despite their large-scale accessibility, chemical industry, at present, utilizes 
these carbohydrates only to a minor extent as feedstock for organic chemicals. An 
overview of selected examples of the products of low molecular weight carbohydrates 
gives Table 1.  
 
Table 1 Selected industrial processes based on sugars.  
Raw material End product World production t/a 
D-glucose Ethanol 52x106 
D-glucose Polylactic acid (PLA) 14x104 
D-glucose Sorbitol 65x104 
D-glucose Alkyl polyglycoside (APG) 50x103 
D-glucose Furfural 25x104 
D-fructose Topiramate 7x103 
 
 
With a production of 52 million tons, ethanol (bioethanol) is the largest volume biobased 
chemical utilized today. It is used as a fuel additive, solvent and starting material for 
follow-up chemicals such as acetaldehyde, ethyl esters, ethers, etc. Furfural is the only 
unsaturated large-volume organic compound produced from carbohydrate sources. The 
chemistry of furfural is well developed providing a host of versatile industrial chemicals: 
furfuryl alcohol, furfurylamine, furoic acid, furanacrylic acid or furylidene ketones (Figure 
2.6). Furfural is also a key compound for the commercial production of furan and 
tetrahydrofuran (THF), thereby providing a biomass-based alternative to its petrochemical 
production via dehydration of 1,4-butanediol.51 Well established non-food application of 
D-glucose are alkyl polyglycosides (APGs) which are presently produced on the 50 000 t 
scale worldwide.52 APGs combine high performance as non-ionic surfactants with non-
toxicity, low skin irritation and biodegradability.53 They are widely used in manual 
dishwashing and laundry detergents as well as in formulations of shampoos, hair 
conditioners and other personal care products.53 Another application of D-glucose on an 
industrial scale comprises its hydrogenation product sorbitol. Its main consumer is the food 
industry, primarly as a non-caloric sweetening agent, a sugar substitute for diabetics and as 
a key intermediate for the production of Vitamin C.54 Sorbitol is also applied as a 
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favourable moisture conditioner in printing, writing ink as well as in cosmetics and 
pharmaceutical formulations. 
In contrary, non-food utilization of fructose is modest since its basic chemistry is more 
capricious and considerably less developed than that of glucose. Nevertheless, in 
pharmaceutical industry some sugar-derived drugs are of great importance such as 
fructose-derived topiramate, a drug with high antiepileptic efficacy.55 
 
 
Figure 2.6 Furfural-derived chemicals. 
 
The present modest utilization of carbohydrates as a chemical feedstock lies in their 
structure. First, carbohydrates are chiral molecules overfunctionalized with multiple chiral 
centers and hydroxyl groups with similar reactivity that are chemically difficult to 
differentiate (Figure 2.5). Thus, an unspecific reactivity of mono- and disaccharides is 
observed. On the other hand, lack of functionalities such as carbonyl groups or C-C double 
bonds maintains their further transformation via a broad spectrum of chemical reactions. 
Additionally, the high oxygen content makes carbohydrates unsuitable for the application 
as fuels due to a lower heating value. Moreover, petrochemical industry is based on 
hydrocarbons and hence optimized for compounds with low oxygen content. Thus, 
improved utilization of carbohydrates in chemical industry deals with the selective removal 
of oxygen which efficiently can be realized e.g. by acid-catalyzed dehydration reactions. A 
promising example under this aspect is 5-hydroxymethylfurfural (HMF) that will be 
discussed in detail below. 
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2.1.2. HMF- a versatile building block  
HMF is a heterocyclic organic compound which belongs to the class of furan-based 
molecules and possesses many functional groups. It is simultaneously a primary alcohol, 
an aromatic aldehyde and has a furan ring system (Figure 2.7). Therefore, the true value of 
HMF is not in the compound itself, but in its capacity to be transformed into a number of 
useful compounds via simple chemical reactions (Figure 2.7).56 
 
i
i
i
ii
iii
iv
 
Figure 2.7 HMF-derived chemicals via oxidation (i), hydrogenation (ii), hydrogenolysis (iii) and rehydration 
(iv). 
The oxidation of HMF can be performed selectively to the formyl or hydroxyl group to 
form 5-hydroxymethyl-2-furancarboxylic acid (HMFCA) and 2,5-diformylfuran (DFF), or 
can involve both groups to give 2,5-furandicarboxylic acid (FDA) (Figure 2.7). These 
compounds are of considerable interest as well as starting materials for further 
transformations and chemical building blocks for the industry. DFF is considered as an 
potential intermediate for pharmaceuticals57, fungicide58, macrocyclic ligands59 as well as a 
cross-linking agent for poly(vinylalcohol).60 Because of it symmetrical and unsaturated 
structure, DFF can be applied as a monomer for novel polymeric materials in special 
applications.61 FDA is a promising building block with a huge market potential. Due to its 
similar properties to terephthalic and isophthalic acid, FDA may replace these compounds 
in the preparation of polyesters, polyamides and polyurethanes. Indeed, FDA has been 
poly-esterified with a series of aliphatic diols or bisphenols.62 Further, utilizing FDA and 
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aliphatic as well as aromatic diamines series of furanic polyamides, analogues of Kevlar®, 
have been prepared and showed promising decomposition and glass transitions 
temperatures.63 FDA is also useful as fungicide, corrosion inhibitor as well as an 
intermediate in the pharmaceutical and photography fields.64 In view of these applications, 
FDA is listed as one of the top-12 value added chemicals from biomass.65  
Selective reduction (hydrogenation) of the formyl moiety of HMF leads to the formation of 
2,5-bis(hydroxymethyl)furan (BHMF) (Figure 2.7), which is an important building block 
used in the production of polymers and polyurethane foams.66 Finally, hydrogenolysis of 
HMF yields 2,5-dimethylfuran (DMF) (Figure 2.7) which is of great interest as a biofuel 
due to its high energy density, high octane number and low volatility.37  
The cleavage of the furan ring of HMF takes place under acidic conditions. Consequently, 
rehydration of HMF leads to the formation of formic and levulinic acid (LA), both 
valuable commodity chemicals. Moreover, LA together with its derivatives are important 
renewable compounds with various applications such as the production of herbicides, 
polymers, fuels and fuel additives.67  
Further reaction pathways of HMF involves reactions such as Wittig-type reactions, 
reductive amination, acetalization, Baylis-Hillman and Vilsmeier reactions which allow 
access to important classes of chemical compounds such as amides, amines, hydrazones, 
pyrroles, acetals, etc.56 In chapter 3 of this thesis the further conversion of HMF via aldol 
condensation is discussed providing an intermediate in the carbon chain range of diesel for 
the synthesis of potential fuels and fuel additives. 
Due to its versatility as a starting material for a broad spectrum of new products as well as 
for the replacement of petroleum-derived chemicals, HMF is called a ,,sleeping giant” in 
the field of intermediate chemicals from renewable resources and it is also considered as a 
,,key substance between carbohydrate chemistry and mineral oil-based industrial organic 
chemistry”.52 
 
2.1.3. Synthesis of HMF 
HMF was first reported in 1895 independently by Dull and Kiermayer.68 Dull et al. 
described its synthesis by heating inulin with an oxalic acid solution under pressure while 
Kiermayer reported a similar procedure but starting from sugar cane. In the subsequent 
years, several preparation methods were reported as well as studies on the mechanism of 
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its formation. Until now, over 1000 papers have been published which is a proof for the 
great importance of this compound. 
The synthesis of HMF is based on the triple acid-catalyzed dehydration of hexoses (Figure 
2.8). The common hexose substrates used for the production of HMF are D-fructose and 
D-glucose. Apart from hexoses, disaccharides or polysaccharides such as sucrose, 
cellobiose, inulin or cellulose can be used as starting material, respectively. In this case, 
hydrolysis is necessary for depolymerisation.  
 
 
Figure 2.8 Dehydration of hexoses to HMF and the corresponding side reactions (dotted arrows). 
 
Despite the relative simple reaction, the formation of HMF by dehydration is a very 
complex process due to the possibility of various side reactions. Under reaction conditions, 
i.e. at high temperatures and at low pH values, which are required for the formation of 
HMF, numerous reversible and irreversible reactions take place. Antal et al. reported that 
the possible side-products formed by decomposition of fructose in aqueous solution stem 
from isomerization, dehydration, fragmentation and condensation reactions.69 For instance, 
difructo dianhydrides and levulosans represent the soluble products which are formed by 
the condensation of two molecules of fructose.70 Insoluble products also known as humins 
result from oligomerization of fructose with itself or with HMF.71 In addition, HMF 
rehydrates in aqueous mixtures yielding levulinic and formic acid69 (Figure 2.8). To avoid 
or to suppress the secondary and subsequent by-products formation in order to maximize 
the HMF yield, different reaction parameters including various catalysts and solvents have 
been reported. The following sections will focus on the manufacture of HMF over different 
catalysts and solvent systems. 
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2.1.4. Catalysts for the synthesis of HMF 
The dehydration of hexoses can be catalyzed by Brønsted acids as well as by Lewis acids. 
In the first reports on HMF preparation oxalic acid has been used. At present, a great 
number of inorganic and organic acidic compounds have been identified as catalyst for the 
synthesis of HMF. These acidic catalysts which are summarized in Table 2 are divided into 
five groups: organic acids, inorganic acids, salts, Lewis acids and others.72 
 
Table 2 Selected examples of catalysts used in the synthesis of HMF. 
Organic acids Inorganic acids Salts Lewis 
acids 
Others 
Oxalic acid H2SO4 (NH4)2SO4/SO3 ZnCl2 Zeolites 
Levulinic acid HCl Pyrid/PO43- AlCl3 Ion-exchange resins 
Maleic acid H3PO4 Aluminium salts BF3  
p-TsOH Iodine or  Th and Zr ions   
 hydroiodic acid Zirconium phosphate   
  Ions:Cr, Al, Ti, Ca, In   
  Zr, Cr, Ti-porphyrine   
 
The most commonly used inexpensive acids are sulfuric acid (H2SO4), phosphoric acid 
(H3PO4) and hydrochloric acid (HCl). Using HCl as a catalyst Riisager et al. reported a 
HMF-selectivity of 63% with 52% conversion of fructose.73 H2SO4 allowed a complete 
conversion of fructose reaching a selectivity to HMF of about 70%.74 Moreover, iodine and 
hydroiodic acid have also been found to exhibit catalytic activity in the conversion of 
hexoses.75 Bonner et al. converted sucrose in HMF in 20% yield while Morikawa reached 
64%.75 Starting from inulin, p-toluenesulfonic acid (p-TsOH) allowed 57% selectivity 
towards HMF within 1h of reaction time.76  
The use of organic and inorganic salts in the preparation of HMF was the subject of 
numerous studies. Utilization of ammonium phosphate and pyridinium phosphate allowed 
obtaining HMF in 23% and 44% yield, respectively.77 Fayet and Gelas studied the 
conversion of mono-, oligo- and polysaccharides using pyridinium salts such as pyridinium 
trifluoroacetate, hydrobromide, perbromate, hydrochloride and p-toluenesulfonate.78 
Starting from fructose, they observed ca. 70% average yield of HMF while dehydration of 
glucose yielded 5% HMF.  
In recent years, research efforts have been focused on developing sustainable methods for 
the production of HMF with Lewis acid catalysts. De et al. demonstrated that a common 
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Lewis acid, i.e. aluminium chloride (AlCl3), was an efficient catalyst for the rapid 
conversion of carbohydrates under microwave irradiation.79 HMF-yield reached 70% when 
fructose was used as a feedstock. In reactions starting from glucose and biopolymers inulin 
and starch, obtained HMF-yields were 53%, 39% and 30%, respectively. Also a 
tungsten(VI) salt (WCl6) acted as Lewis catalyst for fructose conversion and produced 72% 
HMF at mild reaction conditions (323 K).80 In more recent studies, germanium(IV) 
chloride (GeCl4) facilitated 92% HMF-yield from fructose at 373 K.81  
Processes based on heterogeneous acid catalysis were also considered with the aim of 
potential industrial applications. Solid acid catalysts offer several advantages over 
dissolved homogeneous acid catalysts. First, they facilitate the separation of the product 
and can be recycled. Secondly, they can be applied at higher temperatures, thus shortening 
the reaction time and favoring the formation of HMF instead of its decomposition during a 
prolonged reaction period. Finally, solid acids are capable of adjusting the surface acidity 
to improve the selectivity of HMF. In the dehydration of carbohydrates, the reported solid 
acid catalysts generally include H-form zeolites, ion-exchange resins, vanadyl phosphate 
and ZrO2. 
Carlini et al. reported the catalytic properties of vanadyl phosphate (VOP) for the 
dehydration of fructose to HMF in aqueous solution.82 A 33% yield of HMF was obtained 
for 30wt.% aqueous solution of fructose within 0.5 h. Moreover, they investigated  
VOP-based catalysts which contain different trivalent metals (Fe3+, Cr3+, Ga3+, Mn3+ or 
Al3+). When Fe-containing VOP catalyst was employed with 40wt.% fructose solution, the 
yield and selectivity of HMF went up to 50% and 87% within 0.5 h, respectively. 
Watanabe and co-workers examined the production of HMF from fructose catalyzed by 
TiO2 and ZrO2 under microwave irradiation.83 In the case of TiO2, the yield of HMF 
reached 38% with a fructose-conversion of 83% at 473 K after 5 min. However, in the 
presence of ZrO2 a 30% HMF-yield and 65% fructose-conversion were obtained after 5 
min. Moreau et al. studied the dehydration of fructose in the presence of the dealuminated 
H-form mordenites.84 They reported a HMF-selectivity of 92% with 76%  
fructose-conversion at 438 K. In addition, the conversion of fructose and the selectivity to 
HMF were found to be related to the kind of acid and the structural properties of the acid 
as well as to its micropore vs. mesopore volume ratio.  
Among solid acid catalysts, studies concerning the application of ion-exchange resins are 
the most numerous.56 Vinke et al. reported fructose dehydration using a dehydration set-up 
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consisting of a column with an Bayer OC 1052 ion-exchange resin as a catalyst and a 
separate loop for adsorption of HMF onto activated carbon to avoid the formation of  
by-products.85 Using organic solvents adsorbed HMF was extracted and its selectivity 
reached 77% within 48 h at 363 K. Gaset and co-workers employed the strongly acidic 
resin Levatit® SPC-108 for the synthesis of HMF from fructose as a model substrate.86 
Thereby, HMF-yields in the range from 39-80% were obtained. Investigations by Dumesic 
et al. showed that 87% HMF-yield with 98% fructose-conversion can be achieved from 
10wt.% fructose solution over Diaion® PK-216.87 The best result achieved over an ion-
exchange resin so far was reported by Shimizu and co-workers.88 They demonstrated that 
Amberlyst 15, when ground to a powder (0.15-0.053 mm), enabled complete conversion of 
fructose into HMF (100% conversion with 100% selectivity) even at 50wt.% fructose 
solution. 
 
2.1.5. Types of solvents for conversion of carbohydrates to HMF 
The type of the solvent has a very pronounced effect on the efficiency of the dehydration 
reaction. The primary task of the solvent is to induce fluidity and to enable contact of 
reactant and catalyst. The dehydration of sugars to produce HMF has been conducted in 
water, organic/water mixtures, organic solvents, ionic liquids and more recently biphasic 
water/organic systems.  
Water, as a reaction medium, is a very convenient solvent from an economical and 
ecological point of view. Moreover, it is an excellent solvent for carbohydrate substrates. 
However, water is also a reactant: it participates in the hydrolysis of HMF leading to LA 
and formic acid (Figure 2.8). Therefore, aqueous processes were found to be inefficient. 
The Südzucker process only achieves selectivities of about 30% and Cottier reported a 
yield of 28%.89 
An attempt to solve the problems associated with aqueous systems involves adding of 
organic solvents or modifiers to the aqueous solution. Kuster et al. studied the influence of 
the water concentration on the rates and yields in the dehydration reaction of fructose to 
HMF by addition of polyethylene glycol-600 (PEG-600).90 They found that at higher 
content of PEG-600 the conversion rate of fructose highly increased whereas the rate of 
HMF-rehydration slightly decreased, resulting in a higher maximum concentration of 
HMF. In further studies, Bekkum et al. reinvestigated this effect employing PEGs with 
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different degrees of polymerization as well as monomeric ethylene glycol (EG).91 It was 
found that PEG with lower chain length has a negativ effect on the HMF yields caused by 
the formation of HMF-PEG ethers. EG also showed destabilizing effect on HMF due to the 
formation of acetals which then rehydrate to LA. Therefore, PEG and EG were not ideal 
modifiers although the yield of HMF could be improved. Dumesic and co-workers 
improved the HMF-selectivity from 60% to 75% by adding dimethyl sulfoxide (DMSO) 
and the hydrophilic polymer poly(1-vinyl-2-pyrrolidinone) (PVP) to the aqueous phase.71 
Further, organic-water mixtures were investigated in order to decrease the water content 
and to enhance the yield of HMF. An acetone-water mixture (70:30) was reported as 
possible reaction system for fructose dehydration under microwave irradiation.92 The 
highest HMF-yield was 73% at 2wt.% of initial fructose concentration, but decreased to 
54% at 20wt.% fructose solution. Also a supercritical acetone-water mixture (90:10) 
enabled a 77% HMF-selectivity in a 1wt.% fructose solution.93 From the practical point of 
view, utilization of higher concentrations of the carbohydrate feedstock is more desirable. 
However, the amount of sugar in such mixed-aqueous system is limited due to their low 
solubility in most organic solvents. Nevertheless, if solubility is high enough also 
completely anhydrous systems could be applied.  
Non-aqueous solvents such as DMSO, dimethylformamide (DMF), 1,4-dioxan, 
dimethylacetamide (DMA) have been used as the reaction medium in the dehydration of 
hexose to HMF. Brown et al. studied the effect of solvent on fructose dehydration over 
ammonium chloride as a catalyst.94 In the case of DMF a HMF-yield of 55% was reported. 
Fructose dehydration reactions performed in ethyl acetate and butyl acetate yielded 58% 
and 31% HMF, respectively. Wang and co-workers reported the conversion of fructose of 
98% with a HMF-yield of 49% in the reaction catalyzed over scandium triflate in the 
aprotic high boiling solvent DMA.95 The reaction was also studied in 1,4-dioxan in 
consideration of lower boiling point and easier product separation. Thereby, a fructose 
conversion of 86% with 16% HMF-yield was obtained. Among the non-aqueous solvents, 
reports on the use of DMSO constitute the greatest number in the literature. In 1987 Musau 
et al. demonstrated that fructose can be dehydrated to HMF with a yield of 92% at 423 K 
in the presence of DMSO without a catalyst.96 They claimed that an optimum conversion 
was attained for a fructose/DMSO ratio of 0.8. In this case, DMSO associates with all 
water released during the reaction thereby suppressing the further degradation of HMF. In 
2009 Shimizu et al. tested several heterogeneous catalysts in DMSO.88 In addition, the 
reaction was performed under vacuum in order to remove the water formed during the 
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reaction. Thereby, not only the fructose conversion was improved to 100% but also the 
HMF-yield was increased to 97%. Moreover, until now, the complete conversion of 
fructose into HMF (100% selectivity) was achieved in reaction that employed DMSO as a 
solvent.88 
However, solvents like DMSO and DMF possess several drawbacks rendering them 
unattractive as industrial solvents. Due to their high-boiling points these solvents make 
product separation and purification difficult and energy intensive. Furthermore, apart from 
being rather expensive they are also toxic, decompose at higher temperature and have a 
limited solubility of sugars.  
 
An attractive alternative to high-boiling organic solvents is the employment of ionic liquids 
(ILs). ILs are water-soluble organic salts with a melting point below 373 K.97 They exhibit 
unique properties such as a low volatility, good thermal stability, negligible vapor pressure 
and low flammability.97 ILs are considered a promising solvent for carbohydrate 
transformations.98 These solvents can dissolve carbohydrates even at high concentrations.99 
Furthermore, they have been shown not only to act as solvents but also as reaction 
promoters for carbohydrate dehydration reactions. Starting from fructose and sucrose HMF 
formation was conducted over protic ionic liquid 1-H-3-methylimidazolium chloride 
([HMIM]Cl) which acted both as solvent and catalyst.100 It enabled complete conversion of 
fructose with 92% HMF-selectivity. Yong et al. studied the synthesis of HMF from 
fructose and glucose in 1-butyl-3-methylimidazolium chloride ([BMIM]Cl) using CrCl2 as 
a catalyst.101 Thereby, HMF-yields of 96% and 81% were achieved at 373 K for 6 h 
reaction time for fructose and glucose, respectively. When glucose and cellulose were 
subjected to microwave irradiation in the same ionic liquid, HMF-yields of 91% and 61% 
were achieved, respectively.102 An extension of this work was made by the same autors, 
where they tested other biomass resources such as corn stalk, rice straw and pine wood.103 
In this case, HMF-yields reached 45%, 47% and 52%, respectively. Although ILs facilitate 
high selectivities of HMF they are still expensive (€ 250 kg-1) for the industrial application 
and require additional extensive extractions as well.104 
Water as a solvent enables good solubility of carbohydrates but it also promotes side-
reactions. On the other hand, employment of DMSO and ILs necessitates extensive 
extraction procedures. In an attempt to solve these problems a biphasic system was 
introduced. A water-butanol biphasic system was reported for the preparation of HMF 
from glucose allowing a yield of HMF of 63%.105 Moreau and co-workers examined the 
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dehydration of fructose using methyl isobutyl ketone (MIBK) as an extracting solvent and 
achieved up to 92% selectivity towards HMF.84 Roman-Leshkov et al. described an 
improved method of fructose dehydration at higher concentrations (30-50wt.%) with 
mineral acids, involving the addition of modifiers in both phases.71 Modifying the aqueous 
phase with DMSO and PVP and the extracting phase (MIBK) with 2-butanol a  
HMF-selectivity of 85% was achieved using HCl as a catalyst. Furthermore, they 
optimized the method for the dehydration of glucose, reaching up to 53%  
HMF-selectivity.71 These optimal conditions were applied for the conversion of other 
saccharides such as sucrose, inulin, cellobiose and starch. Obtained HMF-selectivities were 
77% from sucrose and inulin, 52% from cellobiose and 43% from starch.71 Finally, they 
demonstrated that use of inorganic salts increases the partitioning of HMF in two-phase 
systems with NaCl being most beneficial.106 Among the investigated solvents, e.g. primary 
and secondary alcohols, ketones and cyclic ethers, THF showed the highest extraction 
ability to HMF with an attained selectivity of 83%.106 
In the field of chemical engineering two-phase systems play a significant role. The concept 
of homogeneous complex-catalyzed reactions in aqueous two-phase systems, also known 
as two-phase catalysis, is of great importance for the chemical industry. In a two-phase 
catalysis process, when the reaction is completed, the organometallic complex catalyst and 
the final reaction product are located in different phases, so a simple phase separation is 
sufficient for isolating the product from the catalyst, which may then be introduced into 
another catalyst cycle. The catalyst is situated in a mobile phase which, because it is 
confined within the reactor, also serves as an immobilization medium. The concept of two-
phase catalysis was first realized industrially in the ,,Shell Higher Olefin Process” (SHOP) 
where ethylene is polymerized in a polar phase (1,4-butanediol) over organonickel 
catalysts to produce higher linear α-olefins (second phase) that are insoluble in  
1,4-butanediol and can be easily separated from the catalyst.107 Other valuable industrial 
processes based on two-phase catalysis include the Ruhrchemie/Rhône-Poulenc 
hydroformylation of propylene and the telomerisation of butane and water via the Kuraray 
process.108 
Nevertheless, the production of HMF on an industrial scale is though not yet realized. The 
main reason lies in its economics compared to petrochemical raw materials. For example, a 
ton price of naphta and ethylene is in the 150-400 € range whereas that of inulin 500 €/t or 
fructose about 1000 €/t, entailing an HMF-market price of at least 2500 €/t that is, at 
present, too expensive for a bulk-scale industrial product.52 
2. Solid acid-catalyzed dehydration of carbohydrates into HMF 
 25
2.2. Scope of this chapter 
This chapter implements the investigation of dehydration of sugars to HMF in a two-phase 
solvent system catalyzed by solid acids. The main study focuses on the dehydration of 
fructose catalyzed by novel acidic polymers. Thereby, the correlation between  
physico-chemical properties of the catalysts and the dehydration reaction as well as factors 
governing the desired reaction are highlighted. 
 
2.3. Dehydration of fructose and fructose-containing materials into 
HMF 
2.3.1. Two-phase solvent system for the dehydration of fructose to HMF 
Biphasic solvent systems offer an important advantage by extracting HMF from the 
aqueous phase and protecting it against further degradation reactions and humin formation. 
Figure 2.9 depicts a two-phase solvent system used in this study. Thereby, a sugar, such as 
D-fructose, is dissolved in the aqueous phase containing a solid acid catalyst (Figure 2.9, 
lower phase).  
 
 
Figure 2.9 Two-phase solvent system for the dehydration of sugars into HMF. 
 
During the reaction, HMF is continuously extracted into an organic extracting phase 
(Figure 2.9, upper phase). The ,,in-situ extraction” removes HMF from the reactive 
aqueous phase thereby suppressing the further rehydration of HMF. Accordingly, no 
presence of LA and formic acid were detected by high-performance liquid chromatography 
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(HPLC). Figure 2.10 illustrates typical HPLC chromatograms of the aqueous and organic 
phase after the dehydration reaction. In the aqueous phase (Figure 2.10A) a peak with the 
retention tame of 8.51 min corresponds to the unreacted fructose while in the organic phase 
extracted HMF appears at 11.13 min. The additional small peaks with retention times of 
12.69 min and 17.99 min can be attributed to the side-products which could not 
unfortunately be identified. Accordingly, unclosed carbon balance can be assigned to the 
formed soluble polymers that are not detectable by HPLC. 
 
A
B
 
Figure 2.10 HPLC diagrams of the aqueous phase (A) and organic phase (B) after the dehydration reaction. 
 
2.3.2. Choice of the extracting solvent  
A more efficient extraction of HMF from the reactive aqueous phase facilitates higher 
yields of HMF as it is more efficiently removed from the reactive phase minimizing 
further side reactions. The partition coefficient R represent the distribution of HMF in 
the organic phase relative to the aqueous phase. Consequently, a higher R-value can be 
correlated to higher HMF-selectivities.106 As extracting organic solvents acetone, THF 
and 2-methyltetrahydrofuran (MeTHF) were investigated. Table 3 summarizes the 
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results obtained in the dehydration reaction of 30wt.% fructose solution. As can be 
seen, the highest HMF-selectivity was achieved with THF and acetone whereby THF 
compared to the other two solvents possess the best combination of HMF-selectivity 
(77%) and extracting power (R=5.0). It is important to mention that both THF and 
acetone are miscible with water. Therefore, the further addition of salt (NaCl) to the 
aqueous phase was necessary in order to reach proper separation and to create a 
biphasic system. Moreover, the presence of NaCl improves the partitioning of HMF 
into the extracting phase by means of a ,,salting-out effect”.106 Accordingly, this led to 
increased HMF-yields which explains higher HMF-selectivities achived for the water 
miscible solvents. Nevertheless, taking into account that the reaction is catalyzed by a 
solid acid, employment of these solvents has a big drawback. The Na+ cations in the 
solution undergo an exchange with the protons of the sulfonic acid groups (-SO3H) 
present at the surface of a solid catalyst such as ion exchange resin forming a sulfonate 
sodium salt (-SO3Na). Simultaneously, the in-situ formation of HCl occurs due to the 
presence of Cl- ions. Thus, one can conclude that the reaction is not heterogeneously 
but rather homogeneously catalyzed. Moreover, after the reaction the solid catalyst is 
,,destructed” since it is present in the form of its salt which implies further additional 
protonation (recovery) of the catalyst.  
 
Table 3 R-values of extraction solvents used in dehydration of fructose over Dowex 50xw2 as a catalyst at 
433 K for 1 h in the presence of NaCl. 
Solvent Fructose conversion % HMF-selectivity % R 
THF  99 77 5.0 
MeTHF 99 67 3.2 
Acetone 98 75 3.4 
 
A slightly lower HMF-selectivity of 67% was achieved using MeTHF (Table 3). 
Nevertheless, as an alternative solvent, MeTHF exhibits several advantages. First, it 
belongs to the ,,green” solvents. Commercially, MeTHF is produced from renewable 
feedstocks in a two-step hydrogenation process.109 Agricultural waste such as corncobs 
or bagasse is used for the synthesis of furfural which is then reduced to 2-methylfuran 
and then to MeTHF (Figure 2.11). More importantly, MeTHF is immiscible with water 
which facilitates proper phase separation without the need for any salt addition and 
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hence does not have a negative effect on the solid catalyst allowing that reaction 
proceeds heterogeneously catalyzed. Furthermore, compared to other solvents such as  
 
 
Figure 2.11 Production of MeTHF. 
 
DMSO or MIBK, MeTHF has a low boiling point (353 K) which enables easier product 
separation. Due to these attractive features and considering that the proper choice of the 
reaction solvent is decisive with regard to product separation and potential technical 
implementation, MeTHF, although exhibiting a lower extracting power, was choosen as 
an extracting solvent for the most dehydration reactions presented in the following. 
 
2.3.3. Effect of the reaction temperature on the dehydration reaction  
Figure 2.12 illustrates the effect of the temperature on the dehydration of fructose. The 
experiments are performed with 10wt.% fructose solution for 1 h without catalyst 
(Figure 2.12A) and in the presence of a solid acid catalyst (Figure 2.12B). In the 
absence of catalyst in the temperature range from 373 K to 413 K no fructose 
conversion was observed and thus, no HMF was formed. For reaction temperatures 
above 413 K, the conversion of fructose increases and a reasonable yield of HMF can 
be obtained. Thus, upon increase in temperature from 413 K to 433 K the conversion of 
fructose increased from 25% to 45% and the HMF-yield increased from 6% to 23%, 
respectively (Figure 2.12A). Therein, it should be noticed that the blank reactions were 
performed in a H2ONaCl/THF solvent system. Thus, even without addition of a catalyst 
the presence of NaCl caused a slight acidification of the concentrated sugar solution.  
Nevertheless, the blank experiments emphasized a low yield of HMF in the absence of 
a catalyst. In the presence of a solid acid catalyst both conversion and selectivity are 
significantly improved. However, the similar temperature trend was observed.  
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Figure 2.12 Influence of temperature on the fructose conversion, HMF-yield and selectivity with 10wt.% 
fructose for 1 h: blank experiment (A) and with sP-STY-DVB-2, fuctose/catalyst=6 [g/g] (B). 
When the reaction temperature was 403 K the fructose conversion was 47% with 34% 
selectivity to HMF (Figure 2.12B). At 423 K the fructose conversion raised up to 97% 
achieving the HMF-selectivity of 66%. At the reaction temperature of 433 K no 
significant improvement of the HMF-selectivity could be observed (67%). 
Furthermore, at the temperatures above 413 K, it is important to note that the colour of 
the organic extraction phase turned from yellow to dark brown. This colour change of 
the reaction mixture is related to the decomposition of HMF into soluble side-products. 
The need of higher reaction temperatures is caused by the high activation energy (Ea) 
for the dehydration reaction as will be shown below. 
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2.3.4. Reaction mechanism and kinetic analysis  
In 1944 Haworth and Jones were the first who proposed a mechanism for the dehydration 
of fructose into HMF.110 They assumed that the formation of HMF occurs over the cyclic 
form of fructose. In the following studies, new mechanisms were proposed describing that 
the dehydration of hexoses proceeds through two possible pathways.69 One pathway 
includes the transformation of the ring structure while the other path is based on acyclic 
compounds. 
The mechanism via the cyclic route is represented in Figure 2.13. In the first step, fructose 
1, which exists in its furanose form, is protonated in the C-2-OH position. From the formed 
C-2-OH2 moiety 2, water, as a good leaving group, is released. Thereby, the first 
condensation step is accomplished resulting in the formation of a fructofuranosyl cation 3. 
In the following deprotonation, an enol intermediate 4 is generated which is in equilibrium 
with the corresponding keto form 5. Subsequently, a second molecule of water can be 
eliminated either from the C-3-OH or C-4-OH position resulting in the formation of 6a or 
6b, respectively. Finally, the last dehydration step, which is the only irreversible step in the 
mechanism, delivers HMF. 
 
Figure 2.13 Mechanism of the fructose dehydration to HMF via the cyclic route. 
 
Alternatively, the dehydration can proceeds via an open-chain mechanism over the acyclic 
keto-form of fructose 7 (Figure 2.14). In acidic milieu, 7 is in equilibrium to its enol 
tautomer 8. The dehydration of 8 at the C-3-OH position generates an intermediate  
3-deoxyhexosulose 9. Further elimination of water results in the formation of  
3,4-didesoxyoson 10. Finally, elimination of the third water molecule and subsequent 
cyclization lead to the formation of HMF.  
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Figure 2.14 Mechanism of the fructose dehydration to HMF via the acyclic route. 
 
Antal et al. discussed both mechanisms and performed experimental studies to explain 
each of them.69 Consequently, they proved that the mechanism of the HMF formation goes 
through cyclic intermediates.69 As evidence they gave a facilitated conversion of 4 to HMF 
and the lack of a carbon-deuterium bond formation in HMF due to keto-enol tautomerism 
in the open-chain mechanism when the reaction was carried out in D2O as a solvent.69 
Moreover, recently Amarasekara et al. identified a key intermediate 6a based on the 1H 
and 13C NMR spectra confirming that the mechanism proceeds via the transformation of 
cyclic intermediates.111  
 
The fact that many of the above proposed intermediates and by-products have either not 
been detected or identified makes the complete or detailed kinetic analysis difficult. 
Therefore, simplified models have been used where the existence of any intermediates 
between fructose and HMF is neglected and considered that all the side-products that do 
not lead to the formation of HMF are being formed from fructose.112 Therefore, the 
dehydration reaction of fructose is assumed as an irreversible first order reaction.112 
According to this, a kinetic analysis of the dehydration of fructose to HMF in H2O/MeTHF 
two-phase solvent system was performed. Thereby, conversion of fructose as well as the 
formation of HMF was monitored during the reaction time. The reaction kinetic obeys a 
first-order kinetic scheme as illustrated in Figure 2.15A. Moreover, confirmation of the 
validity of the reaction order is also obtained by plotting the natural logarithm of the 
concentration of fructose against the time as depicted in Figure 2.15B. It should be noticed 
that the two-phase solvent system represents an overlap of fructose dehydration reaction 
and HMF extraction. Nevertheless, kinetic analysis confirmed first-order behaviour 
indicating that the mass transfer into the second organic phase is not the rate-limiting 
factor. 
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Figure 2.15 Kinetic reaction scheme for dehydration of fructose at 403 K in H2O/MeTHF (A) and plot of the 
logarithm of the fructose concentration against the time for fructose conversion (B). 
 
To estimate the activation energy Ea the examined reaction was performed at 413 K, 423 K 
and 433 K for 1 h with 30wt.% fructose solution and Amberlyst 70 as a catalyst. At 
different operating temperatures the disappearance of fructose during the reaction time was 
monitored as represented in Figure 2.16. The first order rate constants k were deduced from 
experimental plots of the concentrations versus time by a Runge-Kutta approximation.  
The values of the reaction rate constant k for the first order dehydration reaction of fructose 
to HMF were estimated to be 2.99x10-4s-1 at 413 K, 9.4x10-4s-1 at 423 K and 2.18x10-3s-1 at 
433 K. For a first order reaction the speed of the reaction is defined as follow: 
 
)( fructoseck                                                                                                             (1.1) 
where υ is the speed of the reaction, k is the reaction rate constant and c is the 
concentration.  
 
Correspondingly, υ for the reactions conducted at different temperatures are calculated to 
be 3.33x10-4 mmolL-1s-1 at 413 K, 10.5x10-4 mmolL-1s-1 at 423 K and 22.7x10-4mmolL-1s-1 
at 433 K. Table 4 summarizes the estimated k and υ values obtained for the investigated 
temperatures. In correlation with the data observed in Figure 2.16 the speed of the reaction 
increases with increasing temperature. Moreover, υ values are in a good accordance with 
so called RGT-rule (reaction rate-temperature rule) that was established in 1884 by the 
Dutch chemist Jacobus Henricus van’t Hoff.113 The RGT-rule is a rule of thumb of 
chemical kinetics which states that chemical reactions run two to four times faster as a 
consequence of a temperature increase of 10 K.  
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Figure 2.16 Conversion of fructose during the reaction time at 413 K (A), 423 K (B) and 433 K (C). 
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Table 4 Estimated k and υ values for the dehydration reaction performed at 413 K, 423 K and 433 K. 
Temperature K k 10-4s-1 υ 10-4 molL-1s-1 
413 2.99 3.33 
423 9.40 10.50 
433 21.8 22.7 
 
The Arrhenius equation gives the relationship between the activation energy Ea and the rate 
at which a reaction proceeds. It is described as follow: 
 
RT
Ea
eAk                                                                                                                        (1.2) 
where k is the rate constant of the chemical reaction, R is the gas constant, Ea is the 
activation energy and A is the pre-exponential factor or frequency factor which describes 
the probability of the collision of molecules.  
Taking the natural logarithm of equation 1.2 delivers: 
 
RT
EaAk  lnln                                                                                                                (1.3) 
 
According to this equation it is possible to estimate Ea by plotting the logarithms of the 
reaction rate constants (lnk) versus the reciprocal temperature (1/T). Consequently, plot of 
lnk vs. 1/T gave a straight line as represented in Figure 2.17. The slope of the line 
corresponds to –Ea/R and the intercept to lnA. Finally, the estimated Ea is found to be  
147 kJmol-1 which is in good agreement with data found in literature. Moreau et al. 
reported an Ea of 141 kJmol-1 and 143 kJmol-1 for the dehydration of fructose catalyzed 
over zeolites in a H2O/MIBK solvent system and in the presence of an ionic liquid acting 
both as solvent and catalyst, respectively.84, 100  
As a consequence of the high Ea of 147 kJmol-1 the fructose conversion as well as the 
selectivity towards HMF increase with increasing temperature (Figure 2.12). Moreover, the 
calculated value of 147 kJmol-1 confirms that the reaction is not diffusion limited since it is 
higher than the limit values generally accepted for the external diffusion limitations (10-25 
kJmol-1).114 
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Figure 2.17 Arrhenius plot of the logarithms of the reaction rate constants against the reciprocal temperature. 
 
2.3.5. Effect of the initial fructose concentration  
From the economical point of view utilization of a higher amount of the feedstock would 
be more desirable. However, beside the handling problems, the main drawback of 
concentrated sugar solutions is the resulting low selectivity. A significant loss of the  
HMF-yield has been reported in aqueous media in case of high sugar concentration. 
Thereby, the percentage of humin formation tends to increase with an increasing initial 
fructose concentration and hence lowers the desired yield of HMF. In aqueous solutions 
the formation of humins can vary between 20% for a 4.5wt.% fructose solution up to 35% 
for a 18wt.% fructose solution.115  
To study this effect, the dehydration of fructose was conducted under identical reaction 
conditions at 413 K for 1 h with fructose/catalyst mass ratio of 6 thereby varying the initial 
concentration of fructose from 5wt.% to 50wt.%. The selectivity to HMF significantly 
decreased from 80% to 51% upon an increase in the fructose concentration from 5wt.% to 
50wt.% as displayed in Figure 2.18. The color of the reaction mixture after reaction also 
changed with increasing fructose concentration. A pale yellow solvent mixture at 5wt.% 
and 10wt.% fructose concentration turned into a dark brown and viscose liquid when the 
reaction was carried out starting from 50wt.% fructose solution. This colour indicates a 
strong formation of polymeric side-products. At higher fructose concentrations the chance 
that substrates and reactive intermediates collide with each other becomes higher. 
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Consequently, lower HMF-yields are obtained due to the formation of oligomerization 
products. 
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Figure 2.18 Influence of the fructose concentration of HMF-selectivity. 
 
2.3.6. Screening of the catalysts  
In this work various molecular and solid acids such as heteropolyacids (HPAs), p-TsOH, 
metall oxides, zeolites, sulfated zirconia, sulfated activated carbon, commercial  
ion-exchange resins, functionalized SBA-15 (ordered mesoporous silica, Santa Barbara 
Amorphous type Nr.15) and polymeric materials were applied for the catalytic dehydration 
of carbohydrates. Among different oxides zirconium oxide (ZrO2), silicium oxide (SiO2) 
and niobium tungsten oxide (Nb3W7) enabled 35%, 41% and 47% yields of HMF, 
respectively. Although these catalysts reached moderate yields, their advantage lies in 
their good stability and recyclability. Therein, niobium tungten oxide was recycled four 
times without any loss in activity.  
In recent years catalysis by HPAs of the Keggin’s structure such as silicotungstic acid 
(SiWA), phosphotungstic acid (PWA) and phosphomolybdic acid (PMoA) has attracted 
great attention since they showed to be superior catalyst for various reactions in solution 
than conventional mineral acids.116 HPAs are typically used for esterification, 
isomerization, hydrolysis, Friedel-Crafts reactions, etc.117 However, the main 
disadvantages of HPAs are their low specific surface area (1-10 m2g-1), rapid deactivation 
and low thermal stability. Furthermore, due to their excellent solubility in polar solvents, 
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HPAs are difficult to separate from the reaction mixture. Therefore, supporting HPAs on a 
suitable support is mostly conducted in order to overcome the mentioned problems.118 The 
catalytic dehydration of fructose over molecular SiWA and PWA allowed complete 
conversion of fructose with about 58% HMF-yield. In contrary, PMoA was inefficient in 
the synthesis of HMF. Moreover, the colour of the aqueous phase after reaction was dark 
blue whereas the colour of the MeTHF changed into dark green indicating the reduction of 
the heteropolyacid under the operating reaction conditions.119 The immobilization of SiWA 
and PWA was performed by impregnation on SBA-15.118 HPAs could be successful 
incorporated in the pores of the SBA-15 as evidenced from transmission electron 
microscopy (TEM) images (Figure 2.19).  
 
A B C
 
Figure 2.19 TEM images of SBA-15 (A), SiWA/SBA-15 (B) and PWA/SBA-15 (C). 
 
Interestingly, during the preparation of the catalytic materials, it was found that the 
maximum allowed calcination temperature was 623 K. As Figure 2.20 A and B shows, the 
supported materials are stable up to 623 K with HPAs located in the pores of SBA-15 
while higher calcination temperatures, i.e at 723 K and 823 K, provoked aggregation and 
leaching of the HPAs (Figure 2.20 C and D).  
The SiWA/SBA-15 and PWA/SBA-15 showed poor activity in the dehydration reaction 
achieving 39% and 41% selectivity to HMF. Furthermore, the catalysts were unstable 
under operating conditions. As confirmed by elemental analysis (EA) and TEM, the HPAs 
leached out of the support into the reaction solution. In addition, PWA/SiO2 and 
SiWA/ZrO2 showed the same behavior yielding only 23% and 15% HMF, respectively. 
Besides as a catalyst support SBA-15 can also be used as catalyst itself. The silanol groups 
(Si-OH) present on the surface of SBA-15 can be functionalized with various base as well 
as acidic groups by surface modification methods including co-condensation and grafting  
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Figure 2.20 TEM images of PWA/SBA-15 calcined at 523K (A), 623K (B), 723K (C) and 823K (D). 
 
(postmodification). Here, the surface modification of SBA-15 with sulfonic acid groups 
was accomplished by co-condensation using different organosilanes and subsequent 
oxidation. Thereby, the amount of organosilane precursor determines the degree of 
functionalization (density of acid sites). Preliminary results demonstrated that the acid site 
density has a significant influence on the HMF-yield as represented in Figure 2.21. This 
characteristic of acidic catalyst on the HMF-yield will be discussed further in the following 
section. Under optimum reaction conditions, i.e. at 433 K for 1 h in H2O/MeTHF solvent 
system, functionalized SBA-15 materials enabled selectivity to HMF of 69%.  
Among the investigated solid acid catalysts sulfonated polystyrene-co-divinylbenzene  
(sP-STY-DVB) resin powders provided the highest yields of the desired product. 
Furthermore, their tunable properties allowed a more exhaustive investigation of  
fructose-dehydration to HMF in a biphasic solvent system in order to identify the factors 
governing the desired reaction. 
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Figure 2.21 Influence of acid site density of SBA-15-(CH2)3SO3H and SBA-15-(CH2)2PhSO3H on HMF-
yield. 
 
2.3.7. Dehydration of fructose to HMF catalyzed over sP-STY-DVB catalysts 
The dehydration of fructose to HMF was performed in a H2O/MeTHF two-phase solvent 
system in the presence of a series of sulfonated polystyrene-co-divinylbenzene resin 
catalysts (sP-STY-DVB) with various densities of acid sites, different specific surface 
areas (BET s.a.) and styrene to divinylbenzene ratios. These acidic polymers were 
synthesized via nanocasting by Felix Richter.120  
 
Table 5 Physical and chemical properties of different sP-STY-DVB catalysts used for the dehydration of 
fructose. 
Catalyst Cross-linker content % BET s.a. m2 g-1 Acid site density mmolg -1 
sP-STY-DVB-1 25 44 0.6 
sP-STY-DVB-2 80 546 1.1 
sP-STY-DVB-3 50 453 1.2 
sP-STY-DVB-4 80 513 1.3 
sP-STY-DVB-5 80 454 1.7 
sP-STY-DVB-6 80 417 2.2 
sP-STY-DVB-7 4 <1 2.5 
sP-STY-DVB-8 4 <1 4.2 
sP-STY-DVB-9 4 <1 5.0 
 
Table 5 summarizes the physical and chemical properties of the polymeric materials. They 
possess acid site densities in the range from 0.6 mmol g-1 up to 5.0 mmol g-1 and BET s.a. 
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ranging from 1 m2g-1 to 546 m2g-1. They cover a wide range of cross-linker content of up to 
a 80% DVB. 
Figure 2.22 demonstrates the results obtained at maximum operating conditions. Thereby, 
the dehydration reaction was performed at 423 K for 1 h with a 10wt.% fructose solution. 
Under reaction conditions complete conversion of fructose was achieved with a maximum 
selectivity towards HMF of 78%.  
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Figure 2.22 Dehydration of fructose catalyzed over sP-STY-DVB catalysts at 423 K for 1 h with 
fructose/catalyst=6 [g/g]. 
 
As previously demonstrated, an almost complete conversion of fructose could be obtained 
already at 413 K. Accordingly, the high temperature facilitates the conversion of fructose 
which is attributed to the high Ea of this reaction. Nevertheless, at the complete conversion 
a meaningful analysis of differences in catalyst activity and selectivity is not possible. 
Therefore, with the aim to investigate the influence of catalyst properties, the reaction was 
performed at lower fructose conversion, i.e. at 403 K. 
 
2.3.8. Influence of the acid site density on the dehydration of fructose 
Figure 2.23 depicts experimental results obtained for the dehydration of fructose within 1 h 
at 403 K in the presence of sP-STY-DVB catalysts. In addition, all results are summarized 
in Table 6. Compared to the blank reaction, in the presence of acidic catalysts both 
fructose-conversion and HMF-yield are increased. Furthermore, the conversion of fructose 
and the yield of HMF as well as selectivity increase with increasing density of acid sites in 
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the catalyst (Figure 2.23A and B). Thus, when the reaction is conducted over the  
sP-STY-DVB-1 catalyst with the lowest acid site density of 0.6 mmol g-1, a fructose 
conversion of 45% and a HMF-yield of 13% were achieved whereas the polymer with the 
highest density of acid sites, sP-STY-DVB-9, enabled a maximum conversion of fructose 
of 85% with 60% HMF-yield.  
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Figure 2.23 Influence of acid site density on the conversion of fructose and HMF-yield (A) and correlation 
between conversion and selectivity (B). 
Table 6 Results obtained over various sP-STY-DVB catalysts at 403K for 1h at 10wt.% fructose. 
Entry Catalyst HMF-yield % HMF-selectivity % Fructose conversion % 
1 sP-STY-DVB-1 13 29 45 
2 sP-STY-DVB-2 16 34 47 
3 sP-STY-DVB-3 21 40 53 
4 sP-STY-DVB-4 25 44 57 
5 sP-STY-DVB-5 28 47 61 
6 sP-STY-DVB-6 31 50 62 
7 sP-STY-DVB-7 47 65 72 
8 sP-STY-DVB-8 55 69 80 
9 sP-STY-DVB-9 60 71 85 
 
The acidic polymers employed in the dehydration reaction of fructose are Brønsted acids 
with sulfonic acid sites (-SO3H). Therefore, all investigated polymeric catalysts exhibit 
comparable acidity and are only to distinguish in their density of acid sites. Consequently, 
the increase of the fructose-conversion and HMF-selectivity is due to the higher number of 
acid sites present on the catalyst. Thus, the reaction rate is proportional to the acid 
concentration. The higher loaded catalysts enable a faster dehydration and faster 
transformation of the intermediates into HMF, which once formed, could be rapidely 
extracted into a second organic phase. Consequently, the rate of formation of HMF, as 
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depicted in Figure 2.24, increases with an increasing density of acid sites. Thus, the rate of 
formation increased from 4.2 molg-1h-1 up to 19.3 molg-1h-1 upon increase in acid site 
density from 0.6 mmol g-1 to 5.0 mmol g-1, respectively.  
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Figure 2.24 Influence of acid site density on the rate of formation of HMF. 
 
In addition, to approve this correlation, the dehydration of fructose to HMF was performed 
at a higher catalyst loading. For this purpose, twice the amount of sP-STY-DVB-1 was 
used while other reaction parameters were kept constant. Accordingly, doubling the 
amount of the catalyst enhances the absolute concentration of the acid sites in the reactive 
aqueous phase. The results, as tabulated in Table 7, show that the conversion of fructose as 
well as the selectivity to HMF increased from 45% to 62% and 29% to 45% upon increase 
in catalyst loading from 0.05 g to 0.1 g, respectively. These results are also comparable to 
those obtained with sP-STY-DVB-3 (acid site density of 1.2 mmol g-1) which enabled 
selectivity to HMF of 40% (Table 6, entry 3). In line, HMF formation over these catalysts 
is governed by the available proton concentration. 
 
Table 7 Results obtained by doubling the amount of sP-STY-DVB-1. 
sP-STY-DVB-1 g HMF-yield % HMF-selectivity % Fructose-conversion % 
0.05 13 29 45 
0.1 28 45 62 
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2.3.9. Acid site density vs. BET s.a. 
Since the acidic polymeric catalysts possess different specific surface areas (BET s.a.), 
experiments were performed to elucidate the influence of the specific surface area of the 
performing catalyst on the dehydration reaction. The correlation between HMF-yield and 
BET s.a. are represented in Figure 2.25A. Considering the BET s.a. of the polymers one 
could say that the yield of HMF decreases with increasing the surface area of the catalyst. 
In this case, low yields of HMF could be associated with longer exposure and longer 
contact time of the substrate, intermediates and final product at catalyst surface allowing 
parallel reactions to take place. If this postulation would be correct, one could expect that 
with prolonged reaction time the yield of HMF would be decreased. To prove this, 
dehydration reaction conducted over high-surface area catalysts sP-STY-DVB-6, sP-STY-
DVB-4 and sP-STY-DVB-2 at prolonged reaction time was conducted. The results are 
listed in Table 8 and show that the increase of reaction time from 1 h to 2 h did not 
negatively affect the yield of HMF in the presence of high-surface area catalysts. 
Moreover, both the conversion of fructose and yield of HMF are improved upon increasing 
the duration of the reaction compared to the results obtained for 1 h of reaction time (Table 
6, Entry 2, 4 and 6). 
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Figure 2.25 Correlation between BET s.a. of the performing catalysts and yield of HMF (A) and acid site 
density and BET s.a. (B). 
 
Table 8 Dehydration of fructose performed over high-surface area catalysts at 2h of reaction time. 
Catalyst HMF-yield % Fructose-conversion % 
sP-STY-DVB-2 25 69 
sP-STY-DVB-4 36 70 
sP-STY-DVB-6 50 85 
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More importantly, the observation illustrated in Figure 2.25A can be explained correlating 
the BET s.a. and the acid site density of polymeric catalysts as depicted in Figure 2.25B. 
The porosity of the pure unsulfonated materials is dependent on the cross-linking degree 
and increases with increasing DVB content.120 Nevertheless, the sulfonation process leads 
to the reduction of the BET s.a due to a pore collaps of the resins during sulfonation that is 
more pronounced at lower cross-linker content.120 In addition, the sulfonation process leads 
to the reduction of BET s.a. due to the weight increase by addition of sulfonic acid groups. 
Accordingly, the higher the degree of sulfonation the lower the BET s.a. Consequently, as 
displayed in Figure 2.25B, catalyst with the lowest surface area acquires the highest 
density of acid sites and vice versa. Among the investigated resins, sP-STY-DVB-7, sP-
STY-DVB-8 and sP-STY-DVB-9 enabled the highest selectivity towards HMF 
emphasizing that the density of acid sites compared to the BET s.a. plays a crucial role in 
the catalytic dehydration of fructose. To ensure this statement, a comparison of catalysts 
with the same density of acid sites but different BET s.a. would be more reasonable. 
Therefore, a precise amount of polymeric catalyst was chosen to provide an identical 
absolute acid content of 0.23 mmol g-1 though different BET s.a. of 1, 15 and 23 m2g-1. The 
diagram represented in Figure 2.26 shows a minor variation of the conversion of fructose 
(69-72%) as well as of the HMF-yield (43-47%) confirming the above statement. 
Furthermore, it can be concluded that the porosity of the catalyst plays a negligible role in 
the case of small molecules such as fructose. However, this was found to be different for 
the conversion of larger substrate as will be shown below. 
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Figure 2.26 Conversion of fructose and HMF-yield obtained over catalysts with identical absolute acid 
content but different BET s.a. 
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2.3.10. Influence of the DVB content 
A specific feature of ion-exchange resins such as Dowex, Amberlyst or Amberlite, that as 
well as sP-STY-DVB polymers contain a styrene-divinylbenzene copolymer backbone, is 
their ability to swell in the presence of a polar medium, especially water.121 However, 
uptake of anhydrous solvents decreases with decrease in polarity.122 In addition, the type of 
absorbed solvent as well as the extent of the uptake are different for macroporous 
(,,macroreticular”) exchangers compared to the microporous (gel-type) ion-exchange 
resins.122 In the dry state microporous ion-exchange resins have small pores of a few Å in 
diameter. However, their polymer matrix is flexible allowing the resin to swell resulting in 
an increase of the pore size in the range of 10-30 Å.122 Uptake of a solvent by a gel-type 
resin is mainly due to solvation of the ionic groups and counterions. The degree of swelling 
and with it the final pore size decrease with decreasing polarity or solvating ability of the 
solvent.122 Accordingly, the sorption of non-polar solvents is practically negligible. On the 
other hand, in the dry state macroporous resins exhibit large pores of 100-1200 Å in 
diameter but a more rigid structure which induces higher physical and chemical stability 
compared to gel-type resins.121 Furthermore, in macroreticular resins only a minor part of 
the absorbed solvent may be used for solvation whereas the large pores can be filled with 
solvent and hence the uptake of non-polar solvents can be as great as that of water.122 
Furthermore, due to the rigid polymer matrix and large pores the swelling is almost 
negligible. However, the swellability in a polar solvent such as water is found to be 
affected by the cross-linking degree which is determined by the content of DVB.123 
Accordingly, ion-exchange resins with a lower cross-linking possess a higher swellability. 
For example, a Dowex 50W resin with 2% DVB content exhibit a swelling factor of 1.9 
while a 12% crosslinked resin possesses a swelling factor of 1.35.123 This characteristic of 
polymeric resins has a significant influence on their catalytic behaviour.123-124 
To study the effect of cross-linking degree on the dehydration reaction, sP-STY-DVB 
catalysts with different DVB content were tested and compared with commercial resins 
such as Amberlyst 15, 31, 35, 36, 70 and 121. The effect of the DVB content on the 
dehydration of fructose was performed at 403 K within 1 h in H2O/MeTHF biphasic 
solvent system. In the diagram illustrated in Figure 2.27 catalysts with analog acid content 
of about 4 mmol g-1 were plotted so that they only discern in their styrene to 
divinylbenzene ratio. In general, both the conversion of fructose and the selectivity to 
HMF increase with decreasing DVB content. Thus, the conversion of fructose and the 
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selectivity to HMF increased from 61% and 46% up to 80% and 69%, respectively upon 
decrease of the cross-linker content from 80% to 4%.  
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Figure 2.27 Influence of DVB content on fructose-conversion and HMF-selectivity. 
 
A lower DVB content increases the swellability of the polymers and hence determines the 
accessibility to acid sites especially to those that are difficult to access such as those 
located inside the pore walls of the polymers. To approve this, surface sulfonated polymers 
were compared with bulk-sulfonated resins.  
The sulfonation of polymers was performed at mild as well as harsh conditions using either 
H2SO4 or oleum (see 6.1.2). Sulfonation at mild conditions leads exclusively to the 
sulfonation of the surface of the polymers which corresponds to an acid content of 
approximately 2 mmol g-1.120 Consequently, all acid sites are freely accessible to fructose 
molecules leading to a direct correlation between the HMF-yield and the acid site density 
independently of their DVB content as evidenced from Figure 2.28A. However, 
sulfonation with a higher oleum content leads besides the sulfonation of the catalyst 
surface also to the sulfonation of the inner parts of the pore walls resulting in an increase in 
the acid site density, i.e. above 2 mmol g-1. Here, for acidic catalysts with a DVB content  
≥ 25% a flattening out of the HMF-yield is observed as showed in Figure 2.28A. This 
behaviour arises from the fructose not being able to access the acid sites located in the pore 
walls due to the low swellability of these polymers. Also all commercial Amberlyst resins 
are bulk-sulfonated. Amberlyst 36 possesses a cross-linker content of 12% while 
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Amberlyst 15 and 35 exhibit a cross-linking degree of 20%. Accordingly, they showed the 
same behaviour as sP-STY-DVB polymers (Figure 2.28A).  
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Figure 2.28 Comparison of sP-STY-DVB catalysts and commercial Amberlyst resins with a DVB content 
≥12%(A) and DVB content ≤8% (B). 
 
In contrary, bulk-sulfonated polymers with a DVB content of 4% as well as Amberlyst 
121, 31 and 70 with 2%, 4% and 8% cross-linking degree are highly swellable in water. 
Consequently, acid sites centered in the pores become accessible for fructose molecules 
allowing a direct correlation between acid site density and HMF-yield (Figure 2.28B). 
Therefore, the DVB content that determines the swellability of the polymeric materials and 
with it the diffusion throught the polymer matrix is one of the essential factors in the 
dehydration of fructose to HMF catalyzed over sP-STY-DVB catalysts. 
 
2.3.11. Dehydration of alternative feedstocks 
As demonstrated in previous sections, fructose as a starting material could be successful 
transformed into HMF with selectivities up to 78%. However, due to its relatively high 
cost, competition with food and its limited occurance in nature it would be more desirable 
to replace it with other fructose-containing materials and carbohydrates. Therefore, 
dehydration of different sugar-precursors such as cellobiose, glucose, sucrose and inulin 
was conducted. Table 9 summarizes the results obtained in the dehydration of the 
alternative feedstocks.  
Glucose as the most abundant monosaccharide and the cheapest hexose is an attractive 
candidate for the synthesis of HMF. However, compared to fructose a direct transformation 
of glucose into HMF was inefficient and hence no HMF was formed (Table 9, Entry 2). 
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Table 9 HMF-yields and -selectivities obtained from various carbohydrates; a Isomerization of glucose to 
fructose over Mg-Al hydrotalcite followed by dehydration. 
Entry Feedstock HMF-Yield % HMF-selectivity % 
1 Cellobiose 0 0 
2 Glucose 0 0 
3 Glucosea 21 30 
4 Sucrose 73 79 
5 Inulin 64 67 
 
This is due to a much lower reactivity of glucose (aldohexose) compared to fructose 
(ketohexose) since glucose forms a very stable ring structure.115 Furthermore, it is also 
proposed that the dehydration of glucose proceeds via an open chain mechanism over an 
1,2-Enediol intermediate as illustrated in Figure 2.29.91 Accordingly, due to the stable ring 
structure the abundance of open-chain molecules in solution is low and consequently the 
enolisation which is found to be the rate-determining step is low resulting in very low 
HMF-yields.91 Moreover, it has been reported that the dehydration of glucose proceeds via 
fructose.91 In this case, glucose must be first isomerized to fructose as depicted in Figure 
2.29.  
 
 
Figure 2.29 Proposed mechanism for the dehydration of glucose into HMF. 
2. Solid acid-catalyzed dehydration of carbohydrates into HMF 
 49
The isomerization reactions are mostly catalyzed by bases.105 Glucose isomerase is one of 
the largest-volume commercial enzymes used almost exclusively for the conversion of 
starch to high-fructose syrup.125 However, the enzymes are very expensive and generally 
enzymatic reactions proceed slowly. Recently, Han et al. demonstrated that SnCl4 in ionic 
liquid is an effective catalyst for the conversion of glucose facilitating a HMF-selectivity 
of about 60% at 100% glucose-conversion.126 Furthermore, in the proposed mechanism 
displayed in Figure 2.30, they claimed that Sn atoms interact with O atoms of glucose (2, 3 
and 4) promoting the formation of straight-chain glucose and the enol intermediate (5) 
which is then transformed to fructose. In following studies, Dumesic and co-workers 
reported a HMF-selectivity of 72% at 79% glucose-conversion in a ,,one-pot” biphasic 
H2ONaCl/THF reaction system with Sn-Beta zeolite as base and HCl as an acid catalyst.127  
 
 
Figure 2.30 Proposed mechanism for the isomerization of glucose to fructose.126 
 
Here, the isomerization of glucose was performed over base catalysts such as Mg-Al 
hydrotalcite and L-Proline. However, L-Proline showed no activity for the isomerization 
reaction. On the other hand, Mg-Al hydrotalcite showed a high activity reaching about 
90% conversion of glucose but enabled low selectivity to fructose of 23%. The low 
selectivity can be attributed to the relatively strong basic properties of the Mg-Al 
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hydrotalcite compared to zeolites resulting in the formation of side-products. Therefore, 
further studies are required to find an optimum isomerization catalyst. Nevertheless, after 
separation of the Mg-Al hydrotalcite catalyst the fructose was further subjected to 
dehydration over a sP-STY-DVB-6 catalyst in the presence of a second MeTHF phase. The 
complete fructose could be transformed into HMF yielding 21% HMF with 30% selectivity 
based on the deployed glucose.  
Cellobiose was also not suitable for the synthesis of HMF in a direct dehydration reaction 
conducted in a H2O/MeTHF system (Table 9, Entry 1). This was expected since cellobiose 
is a disaccharide consisting of two glucose molecules linked by a β-(1,4)-glycosidic bond. 
Accordingly, under acidic conditions cellobiose was hydrolyzed to its glucose-monomer 
without further transformation to HMF. 
In contrary, fructose-containing carbohydrates such as sucrose and inulin were successfully 
transformed into HMF in a ,,one-pot” reaction. Dehydration of sucrose and inulin enabled 
a HMF-selectivity of 79% and 67%, respectively. Sucrose is a disaccharide comprised of 
fructose and glucose linked by α,β-1,2-glycosidic bond and inulin is a fructose polymer 
(Figure 2.5). Therefore, the transformation of these precursors involves a two-step 
reaction. First, in the aqueous phase in the presence of an acid catalyst (sP-STY-DVB-8) 
sucrose and inulin are hydrolyzed delivering fructose which is then subsequently 
dehydrated to HMF. The fructose fraction in sucrose that corresponds to ca. 5wt.% fructose 
solution was completely transformed into the final product whereas the glucose remained 
intact and thus can be recovered and reused.  
Sucrose is widely distributed throughout plant kingdom. The usual sources of sucrose are 
sugar cane or sugar beet. After the sucrose has been extracted from these sources the 
mother liquors also known as molassess may still contain sucrose as well as other sugars 
such as glucose and fructose and therefore can be used as an alternative to the pure 
fructose. Furthermore, sucrose as mentioned in section 2.2 is the world’s most plentiful 
produced low-weight organic compound. Also, due to usual overproduction and with 
potential to be produced on an even higher scale if required, sucrose may be a promising 
candidate for the production of HMF. 
 
As demonstrated in section 2.3.9, conversion of fructose is independent of the specific 
surface area of the acidic catalyst. In order to investigate this effect in the hydrolysis of 
inulin an additional experiment was conducted. Thus, the hydrolysis reaction was 
performed in an aqueous inulin solution at 343 K over sP-STY-DVB catalysts with equal 
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absolute acidity of 3mmol g-1 and different BET s.a. of 355, 358, 454 and 546 m2g-1. 
Figure 2.31 shows the reaction progress as a function of reaction time for each catalyst. It 
can be clearly seen that the BET s.a. has a significant influence on the hydrolysis of inulin. 
The polymeric catalyst with the highest BET s.a. of 546 m2g-1 exhibited the highest 
catalytic activity among the acidic resins used in this study. Thus, a maximum yield of 
fructose of 96% was achieved in 1 h of reaction time over this high surface area catalyst. 
The achieved results indicate the presence of strong diffusional effects that consequently 
control the rate of the reaction. Therefore, the pore size is an important factor since it 
enables easier penetration of the large inulin molecules into the resin and hence facilitates 
the higher permeability of the inulin reactants.  
Hydrolysis of inulin may be a feasible alternative approach applicable for the production of 
fructose and thus HMF. This natural carbohydrate exists in various plants including 
Jerusalem artichoke, chicory and dahlia.  
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Figure 2.31 Influence of the BET s.a. of different sP-STY-DVB catalysts in the hydrolysis of inulin. 
 
2.3.12. Recycling of sP-STY-DVB catalysts 
Recycling experiments were performed in order to investigate the stability and reusability 
of the polymeric catalysts. For this purpose, the dehydration reaction was carried out with 
10wt.% fructose solution in a H2O/MeTHF two-phase solvent system at 403 K for 30 min. 
The catalyst used for this experiment exhibits a cross-linker content of 4% and an acid site 
density of 5 mmol g-1. After the reaction spent catalyst was separated, washed with water 
and acetone, dried overnight at 323 K in a vacuum drying oven and finally applied in the 
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next cycle. Figure 2.32 demonstrates the results obtained from the recycling experiments. 
As can be seen, the productivity declined from 0.0204 molgCat-1 to 0.0166 molgCat-1 after 
the third run. After a third cycle a significant drop in productivity down to 0.011 molgCat-1 
was observed. This decrease in catalytic activity is due to decomposition of the catalyst. 
The sulfonic acid groups attached to the catalyst are released and dissolved in the solution. 
Accordingly, the leaching of the catalyst was confirmed by EA indicated by the drop of the 
sulfur content from 11.9% (fresh sP-STY-DVB) to 9.0% (sP-STY-DVB after the 4th run). 
Nevertheless, the catalyst can be regenerated. The regeneration was carried out by stirring 
the catalyst in diluted H2SO4 for 6 h. After washing with water and drying, the sP-STY-
DVB catalyst was subjected to the dehydration reaction in order to revise its activity. As 
evidenced from Figure 2.32, the catalytic activity of the sP-STY-DVB catalyst could be 
recovered which is confirmed by an increase in productivity to 0.0203 molgCat-1 that is 
comparable to that obtained over fresh sP-STY-DVB.  
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Figure 2.32 Recycling of the sP-STY-DVB catalyst.  
 
2.4. Conclusions 
In this chapter, the dehydration of fructose in a two-phase solvent system catalyzed over 
novel sP-STY-DVB catalysts has been explored. The acidic polymers showed high activity 
for the desired reaction thereby achieving up to 78% selectivity towards HMF. Moreover, 
linking the performance of these catalysts in the dehydration of fructose with their 
individual properties such as density of acid sites, BET s.a. and DVB content allowed 
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identifying factors governing the desired reaction. Thus, the dehydration of fructose is 
ideally catalyzed by highly acidic catalysts with low cross-linker content (4% DVB 
content) which therefore contain a high density of accessible sulfonic acid sites. In 
contrary, the porosity of the acidic resins on the conversion of fructose was negligible. The 
recycling of the catalyst was possible but requires an additional regeneration step.  
Hydrolysis and subsequent dehydration of the saccharides sucrose and inulin in a ,,one-
pot” reaction gave good results, as an alternative to fructose, reaching up to 79% and 67% 
selectivity to HMF, respectively. Furthermore, the assumed first-order of the reaction was 
confirmed and an Ea of 147 kJmol-1 was determined explaining the need for the higher 
reaction temperatures.  
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3. Aldol condensation rection between HMF and acetone 
3.1. State of the art 
3.1.1. Aldol condensation reaction 
The aldol condensation is one of the most important carbon-carbon bond formation 
reactions.128 It was discovered independently in 1872 by a French chemist Charles 
Adolphe Wurtz129 and a Russian chemist and composer Aleksander Borodin.130 Aldol 
condensation can be defined as an addition reaction between two reactants, each containing 
at least one carbonyl group, one of which contains at least one α-hydrogen. The name of 
the reaction is based on the type of product formed when two carbonyl compounds, e.g., 
aldehydes or ketones yield a new β-hydroxy carbonyl compound. This product is known as 
aldol, a molecule having both aldehyde (ald-) and alcohol (-ol) functional groups. The 
simplest aldol reaction is a ,,self-condensation’’, where one molecule adds to another of the 
same type. An example of such a ,,self-condensation’’ reaction, which was first described 
by Wurtz and Borodin, is shown in Figure 3.1 and delivers 3-hydroxybutanal as an aldol 
product using acetaldehyde as the sole reactant. 
 
2
Acetaldehyde 3-Hydroxybutanal
acid or base
HH
O O OH
aldol  
Figure 3.1 Reaction scheme of the ,,self-condensation” reaction of acetaldehyde. 
 
Once formed, an aldol product may undergo a further dehydration step involving the  
β-hydroxyl group and an α-hydrogen giving an α,β-unsaturated aldehyde or ketone. For 
instance, a 3-hydroxybutanal, as depicted in Figure 3.2, dehydrates easily to 2-butenal 
(crotonaldehyde). 
An aldol condensation between two different carbonyl compounds is called ,,crossed’’ 
aldol condensation. If both reactants contain an α-hydrogen a mixture of four products can 
be formed. Since separation of the products is difficult, this type of reaction is of little 
synthetic value. The ,,cross’’ aldol condensation can be made useful by limiting the  
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H
O
-H2OH
O OH
Crotonaldehyde
-unsaturated aldehyde  
Figure 3.2 Dehydration of an aldol to a α,β-unsaturated aldehyde. 
 
number of possible outcomes. This can be achieved when one of reactants has no α-
hydrogen, e.g. formaldehyde or HMF. In that case only two products can be formed since 
molecules without α-hydrogen are incapable to undergo a ,,self-condensation’’ reaction. 
An example of ,,crossed’’ aldol condensation is the industrial synthesis of α- and β-ionone 
from acetone and citral.131 α-Ionone is used in perfumes while β-ionone is used in the 
synthesis of Vitamin A. 
If the starting reactant is a dicarbonyl compound then an intramolecular condensation 
reaction can occur leading to the formation of cyclic compounds. However, the selectivity 
is typically controlled by the stability of the cyclic aldol product and favoring the 
formation of more stable five- and six-membered rings. The importance of intramolecular 
process stem from the fact that it can lead to the bicyclo[2.2.2]octane system, a motif 
present in a number of natural products or intermediates in their synthesis.132 
 
Aldol condensations are reversible forming equilibria. Thus, under reaction conditions the 
aldol product may revert to the initial aldehyde or ketone reactants. Because of this 
reversibility, the yield of aldol products is related to their relative thermodynamic stability. 
The aldol reaction proceeds much more efficiently in combination with aldehydes rather 
than with ketones. In the case of aldehydes the aldol reaction is modestly exothermic and 
the yields are good. Ethanal condensation shows a favorable equilibrium at low 
temperature, e.g. almost 100% conversion to the aldol at 25 °C. On the other hand, for the 
ketones, the equilibrium conversion is less favorable, e.g. for acetone 5% at 25 °C. This is 
because of greater thermodynamic stability of the ketone carbonyl. Moreover, due to the 
positive inductive effect of the additional alkyl substituent, the electrophilicity of the 
carbonyl carbon of a ketone is lower than that of an aldehyde’s carbonyl carbon. 
Furthermore, kinetic inhibition takes place as a result of the additional alkyl’s steric 
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demand which consequently hinder the nucleophilic attack on the carbonyl carbon. The 
yield of an aldol reaction can be increased by removing the aldol product from the reaction 
mixture. Moreover, equilibrium conversion decreases with increasing temperature. 
Additionally, in order to drive an aldol reaction to completion, a dehydration step, as stated 
above, can be applied. However, the subsequent dehydration is also an equilibrium 
reaction. Its conversion increases with increasing temperature. Therefore, the overall 
equilibrium conversion to the final unsaturated product becomes more favorable at higher 
temperatures. 
 
Aldehydes and ketones with α-hydrogen possess the ability to undergo keto-enol 
tautomerism. Tautomerization is a special form of structural isomerization discovered in 
1876 by Alexander Michailowitsch Butlerow and involves a formal migration of a 
hydrogen atom accompanied by a switch of a single bond and an adjacent double bond. 
Correspondingly, the keto-enol tautomerization refers to interconversion between the keto 
form and the corresponding enol. The keto-enol tautomerization represented in Figure 3.3 
can be catalyzed either by an acid or a base. Under basic conditions the α-proton can be 
easily removed since the negative charge after deprotonation and thus the formed enolate 
ion are stabilized by resonance. A further reprotonation of the enolat ion leads to the 
formation of enol. In an acidic milieu first the protonation of the carbonyl-oxygen atom 
occurs forming a carbocation. Subsequently, the deprotonation of α-hydrogen delivers the 
enol.  
 
 
Figure 3.3 Keto-enol tautomerization. 
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This heterolytic molecular rearrangement occurs very rapidly and thus the two tautomers 
are in chemical equilibrium with each other. The chemical equilibrium is highly 
thermodynamically driven and at room temperature the equilibrium heavily favors the 
formation of the keto form.133 However, the rate of tautomerization can be influenced by 
several factors including temperature, solvent and pH.134 
 
3.1.2. Mechanism of aldol condensation reaction  
In general, an aldol condensation is the attack of a nucleophile on a carbonyl carbon to 
form an α,β-unsaturated aldehyde or ketone. The reaction is known to be catalyzed by both 
acids and bases. Depending on the catalyst used the aldol condensation reaction proceeds 
via two fundamentally different mechanisms. Typical base and acid catalyzed mechanisms 
are depicted in Figure 3.4 and Figure 3.5. The base catalyzed mechanism begins with an 
abstraction of the α-hydrogen atom of one of the reactants forming an enolate ion. In the 
next step, the enolate ion attacks another carbonyl compound in a nucleophilic addition 
reaction forming a tetrahedral alkoxide ion intermediate. Protonation of the alkoxide forms 
the aldol product and regenerates the base catalyst. Finally, the aldol product can be easily 
dehydrated to yield an α,β-unsaturated aldehyde.  
 
 
Figure 3.4 Mechanism of the base catalyzed aldol condensation reaction. 
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Under acidic conditions, the initial step in the reaction mechanism involves the  
acid-catalyzed tautomerization of the carbonyl compound to the enol as well as the 
protonation of the carbonyl-oxygen of the second reactant. The enol acts as a nucleophile 
and attacks the protonated carbonyl compound. After deprotonation and recovery of the 
acid catalyst, the aldol product is obtained that then easily dehydrates since in acidic milieu 
water is an excellent leaving group.  
 
 
Figure 3.5 Mechanism of an acid catalyzed aldol condensation reaction. 
 
Kinetic studies of the aldol condensation reactions show that the rate determining step can 
vary depending on the carbonyl compounds used in the reaction as well as on their 
concentrations. For base catalyzed reactions in concentrated aldehyde solutions the most 
often rate controlling step is deprotonation.135 However, at low aldehyde concentrations the 
condensation step is found to be rate limiting causing the reaction to become second order 
with respect to the aldehyde.136 For many condensations involving ketones, over a wide 
range of concentrations, the rate limiting step is the condensation step in which the new 
carbon-carbon bond is formed.137 In reactions catalyzed by an acid, the condensation step 
is found to be the rate determining step as well.138  
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3.1.3. Solid base catalysts  
Every year over 1 million tones of chemical compounds are produced world-wide using 
homogeneous bases such as NaOH and Ca(OH)2.139 For these compounds about 30% of 
their selling price includes product purification, recovery and waste treatment. On the 
contrary, due to many industrially important processes such as petroleum refining and 
production of petrochemicals, solid acid catalysts have been extensively studied and 
widely applied in numerous reactions. According to a recent review of industrial acid and 
base catalysis, of the 127 processes identified, even 103 were catalyzed by solid acids 
while only 10 were driven by solid base catalysts.140  
A heterogeneous base catalyst can be described as a solid for which the color of an acidic 
indicator changes when it is chemically adsorbed. Classically, according to Lewis 
definition a base is an electron pair donor while following Brønsted-Lowry theory a base is 
a proton acceptor.141 Nowadays, solid base catalysis is one of the economically and 
ecologically important fields in catalysis. The solid base catalysts have many advantages 
over liquid Brønsted- and Lewis base catalysts. They form much less amounts of waste 
resulting in atomically more efficient reactions. Another big advantage of solid bases over 
liquid bases concerns the solvent. In homogeneous phase reactions a base catalyst and 
reactants must be soluble in a solvent. This restricts the choice of the solvent and may 
cause problems in the workup such as separation. On the contrary, in solid base catalyzed 
reactions the solvent must dissolve only reactants and products. This considerably expands 
the selection of the solvent and opens up more opportunities to find new reactions. 
Furthermore, solid catalysts are non-corrosive and can be designed to give higher activity, 
selectivity and longer catalyst life. Therefore, the replacement of liquid base catalysts with 
solid base materials represents a clean catalytic alternative which is important in chemical 
and life science industry.  
The first study on solid base catalysts was reported in 1950s by Pines et al.142 They showed 
that sodium metal dispersed on alumina was an effective catalyst for double bond 
isomerization of alkenes. However, in contrast to extensive studies of solid acid catalysts 
fewer efforts have been made to study solid base catalysts. One of the explainable reasons 
for this is the requirement for severe pretreatment procedures for active basic catalysts. 
Today, materials which are known as strong base, in the past showed no activities for base 
catalyzed reactions and hence were regarded as inert catalysts. Due to insufficient 
pretreatment their surface was mostly covered with carbon dioxide, water, oxygen, etc. The 
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importance of the methods of preparation and pretreatment was clearly indicated in the 
work of Tanabe et al. in 1972. They showed that calcium oxide and magnesium oxide, 
when pretreated under vacuum, exhibited extremely high catalytic activity for 1-butene 
isomerization.143 Since then, especially taking into account the above stated advantages, 
extensive studies of solid bases have been made and their research continues to increase 
steadily. Nowadays, heterogeneous base catalysts cover a broad spectrum of solid 
materials which are divided into the types displayed in Table 10. 
 
Table 10 Classification of solid base catalysts.144 
 Type Catalyst Example        
 Metal oxides Alkaline earth oxide MgO, CaO, SrO, BaO    
  Rare earth oxide La2O3     
  Transition metal oxide TiO2, ZrO2    
 Mixed oxides Si-Mg mixed oxide SiO2-MgO     
  Mg-La mixed oxide MgO-La2O3    
 
Supported 
catalysts Alkali metals on support Na/Al2O3, K/MgO    
  Alkali compounds on support KF/Al2O3, KNO3/Al2O3   
  Alkaline earth oxides on support Na2O/SiO2     
 Zeolites Alkali-ion exchanged zeolite Cs-exchanged X, Y-zeolites  
  Alkali-ion occluded zeolite Cs-occluded X, Y-zeolite   
 
Mesoporous 
materials Functionalized materials MCM-41 func. with amino groups  
  Modified materials MgO/SBA-15    
 Clays Hydrotalcite Mg-Al hydrotalcite    
  Sepiolite         -     
 Oxynitrides Silicon oxynitride SiON     
   Aluminophosphate oxynitride AlPON        
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In base-catalyzed aldol condensation reactions the initial step, as shown in Figure 3.4, is 
the abstraction of the α-proton. The capability of a solid base catalyst to deprotonate 
depends on its basic character which includes: the number of basic sites, the location of 
basic sites and the strength of basic sites. Base catalysts are mostly applied in the form of 
oxides where the basic sites are O2- ions or Lewis basic sites with different coordination.145 
However, on the surface of the catalyst also OH- ions or Brønsted basic sites could be 
formed.146 To catalyze the desired reaction a suitable solid base catalyst must exhibit 
appropriate base strength. In contrary, too excessive strength may lead to fast deactivation 
of the catalyst and to the formation of side-products as well. For instance, for condensation 
reactions of aldehydes and ketones a strong base is required to remove protons of pKa  
19.7-20.0 while a superbase material is undesirable.147  
Basic strength is defined as the ability of the surface to convert an adsorbed neutral acid to 
its conjugated base.148 According to Lewis theory, the basic strength can be expressed as 
the ability of the surface to donate an electron pair to an adsorbed acid. The base strength 
can be measured by indicator methods whereby a color change of acidic indicators is 
observed due to proton abstraction. The following equation represents the reaction of an 
acidic indicator AH with a solid base B- : 
 
                                                                                      (1.1) 
 
The basic strength H- of a solid base is given as follows according to the equation of H- 
acidity function, a concept for acid-base chemistry in solutions originally conceived by 
Hammett and Deyrup:149  
 
H-=pKa+log ([A-]/[AH])                                                                                                   (1.2) 
 
By an accurately measure of the concentrations of AH and A-, the H- value can be 
determined. In the case when half of a solute is deprotonated, i.e. [AH]=[A-], the 
approximate value of the basic strength is given by the pKa value of the adsorbed indicator 
at which the intermediate color appears150, i.e. H- = pKa. The deprotonation of the neutral 
molecule of larger pKa values indicates stronger basicity. Consequently, solid base 
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catalysts are classified according to the H- value151, as depicted in Figure 3.6. According to 
Tanabe’s definition all materials that possess basic strength higher than H- >26 are called 
superbases.141  
  
 
Figure 3.6 Strength of solid base catalysts (H- scale).151 
 
Basicity of the solid base catalyst is defined as the number of basic sites per unit weight or 
unit surface area of a solid.141 Traditionally, this surface property can be measured by 
titration methods.152 Lately, some alternative methods such as spectroscopy153 and 
microcalorimetry154 have been used. However, nowadays temperature-programmed 
desorption (TPD) of CO2 as a probe molecule is one of the most frequently used methods 
for evaluating the basic properties of solid surfaces. This method gives information about 
both strength and amounts of basic sites.155 In a TPD plot, basic strength is reflected in the 
desorption temperature. It is presumed that CO2 desorbs at higher temperatures when the 
molecule adsorbs at stronger basic sites. The area of the desorption peak in a TPD plot 
allow determination of the number of basic sites. 
 
3.1.4. Catalysis over solid base catalysts  
Solid base catalysts are of a great importance for the chemical industry. First of all, the 
features of solid base catalyst systems facilitate environmentally benign reactions and 
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allow easier separation and recovery of the catalysts. Secondly, high activities and 
selectivities are often achieved only by solid bases. Furthermore, solid base catalyzed 
reactions are associated with the formation of an enolat anion which is a very important 
intermediate in organic synthesis. Moreover, taking into account the large amount of 
wastes (Table 11) produced by subsequent neutralization steps when liquid bases are used, 
a key role in the production of fine chemicals and pharmaceuticals will be employment of 
solid base catalysts.  
 
Table 11 E factors in chemical industry.156  
Industry segment Product tonnage E (kg by-product/kg product) 
Bulk chemicals 104 - 106 1 - 5 
Fine chemicals 102 - 104 5 - 50 
Pharmaceuticals 10 - 103 25 - 100 
 
In industry solid base catalysts still represent a minor group. However, Table 12 
summarizes some important solid base catalyzed industrial processes. In 1988 a process for 
the double bond migration of olefins with complex structures was industrialized by 
Sumitomo. The process includes isomerization of 5-vinylbicyclo[2,2,1]-2-heptene to 5-
ethylidenebicyclo[2,2,1]-2-heptene157 (Table 12, process 6), a co-monomer used for 
vulcanization purposes.158 The isomerization proceeds stoichiometrically at 243 K in the 
presence of the solid superbase catalyst γ-Al2O3/NaOH/Na whose basicity is higher then  
H->37. The same catalyst is also used for isomerization of safarol and 2,3-dimethyl-1-
butene (Table 12, process 4 and 5). A process for synthesizing aromatic aldehydes which 
are important intermediates for agrochemicals and pharmaceuticals has been industrialized 
using Cr3+ modified ZrO2-based catalysts by direct hydrogenation of the corresponding 
aromatic carboxylic acids (Table 12, process 13).159 Applying this process Mitsubishi 
Kasei Corp. has successfully commercialized p-t-butylbenzaldehyde,  
m-phenoxybenzaldehyde and p-methylbenzaldehyde.160 In 1995 BP-Amoco 
commercialized the alkenylation of o-xylene with 1,3-butadiene to form  
5-(o-tolyl)-pentene-2 (5-OTP)161 (Table 12, process 2). The catalyst used in the process is a 
bulk sodium-potassium eutectic alloy of 22wt.% sodium and 78wt.% potassium.161 By 
subsequent reactions 5-OTP can be transformed into  
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dimethyl-2,6-naphthalenedicarboxylate (2,6-NDC) and 2,6-naphthalenedicarboxylic acid 
(2,6-NDA) which are important precursors used in the synthesis of polyethylene 
naphthalate (PEN), a high-performance thermoplastic polyester.161  
 
Table 12 Selected industrial processes catalyzed over solid base catalysts.140, 162 
Process Reaction Catalyst Company/Year 
Alkylation    
1 Alkylation of phenol with methanol MgO General Electric/1970 
2 Alkenylation of o-xylene with butadiene Na/K2CO3 BP-Amoco/1995 
3 Alkylation of cumene with ethylene Na/KOH/Al2O3 Sumitomo/1988 
Isomerization    
4 Isomerization of safarole to isosafarole Na/NaOH/Al2O3 Sumitomo/1988 
5 Isomerization of 2,3-dimethyl-1-butene Na/NaOH/Al2O3 Sumitomo/1988 
6 Isom. of 3,5-vinylbicyclo[2.2.1]heptene Na/NaOH/Al2O3 Sumitomo/1988 
7 isomerization of 1,2-propanediene to propyne K2O/Al2O3 Shell/1996 
Dehydration    
8 Dehydration of 1-cyclohexylethanol ZrO2 Sumitomo/1986 
9 Dehydration of propylamine-2-ol ZrO2-KOH Koei Chem/1992 
10 Isobutyraldehyde to isobutylisobutyrate ZrO2 Chisso/1974 
11 Dehydrotrimerization of isobutyraldehyde BaO-CaO Chisso/1998 
Esterification    
12 Esterificat. of ethylene oxide with alkohol Hydrotalcite Henkel/1994 
Miscellaneous    
13 Reduction of carboxylic acid to aldehyde ZrO2-Cr2O3 Mitsubishi/1988 
14 Cyclization of imine with sulfur dioxide Cs-zeolite Merck/1996 
 
Solid base catalysts have also gained much attention in the synthesis of biodiesel.163 
Compared to solid acids, solid bases present higher catalytic activity for transesterification 
reactions and are less corrosive.164 Recently, lithium orthosilicate Li4SiO4 demonstrated 
excellent catalytic activity in the production of biodiesel from soybean oil reaching 98% 
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conversion at 338 K within 2 h.165 Different zeolites (mordenite, beta and zeolites X) were 
also applied in the synthesis of biodiesel. Ramos et al. showed that a methyl ester content 
of about 95wt.% could be achieved over NaX.166 They claim that the greater activity of 
zeolite X, with respect to two other zeolites, is due to the presence of a higher 
concentration of super-basic sites on zeolite X.  
An aldol type reaction between nitro compounds and carbonyl compounds, a so called 
Henry reaction, facilitates the synthesis of pharmacologically important intermediates, e.g., 
nitroalcohols and nitroalkenes. The reaction of aromatic aldehydes and nitromethane or 
nitroethane in the presence of silica or mesoporous silica containing aminopropyl groups as 
catalysts have been reported by Sartori and co workers.167 The amino group was introduced 
by a sol-gel method. The products were nitrostyrenes, formed by dehydration of primary 
addition products. In their work, Sartori et al. showed that the activity of the catalyst 
depends on the loading amount of the amino group. In the reaction of benzaldehyde and 
nitromethane, the yield of (E)-nitrostyrene reached 95% with a selectivity of 97% in 2 h at 
363 K. In contrary, amorphous silica grafted with aminopropyl groups by a post synthesis 
method are active catalysts already at room temperature.168  
Cs exchanged X- and Y-zeolite, Cs-sepiolite and Mg-Al hydrotalcite with basic sites 
ranging from weak to medium strengths were used in the Knoevenagel condensation 
reactions of malononitrile with different ketones such as cyclohexanone, benzophenone 
and 4-amino-acetophenone.169 Among the investigated solid bases, Cs-sepiolite and Mg-Al 
hydrotalcite showed highest selectivities (>95%) toward the desired monomers which are 
of great interest for the synthesis of living polymers, e.g., plastics, synthetic fibers, liquid 
crystals.  
Aldol reactions are among the most powerful and best known C-C forming synthetic 
reactions. They have an important industrial relevance either in bulk production, or in the 
fine chemical and pharmaceutical industry.170 2-Ethylhexanol is the most important 
synthetic alcohol with 2x106 t/a produced worldwide.171 It is mainly used for the 
production of plasticizers, surfactants, cetane number improvers and lubricant additives.171 
The large scale production of 2-ethylhexanol involves aldol condensation of butyraldehyde 
catalyzed by NaOH. In the condensation of citral and acetone an adequately activated 
hydrotalcite was used for the synthesis of pseudoionone which is an intermediate in the 
commercial production of Vitamin A.172 The results showed that even at 273 K a 
conversion of 65% and a selectivity of 90% can be obtained when the citral concentration 
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is not too high (~ 1wt.%). Furthermore, Medina et al. reported that a rehydrated Mg-Al 
hydrotalcite is an efficient catalyst for the aldol condensation of campholenic aldehyde 
with methyl ethyl ketone (MEK) which enables the production of organic precursors that 
are applied in the synthesis of commercial sandalwood-type odorants such as Polysantol® 
and related compounds.173 Rehydrated hydrotalcite gave a conversion of 100% after 1 h at 
357 K with a selectivity around 97%. Using rehydrated hydrotalcites, attractive results 
have also been reported in the condensation between aromatic aldehydes like benzaldehyde 
or substituted benzaldehydes and acetone.174  
 
3.2. Main reaction investigated in this chapter: Aldol condensation 
between HMF and acetone  
Recently, in addition to bulk and fine chemicals, aldol condensations gain attention as a 
useful tool for the catalytic transformation of biomass derived platform molecules (e.g. 
HMF, furfural) into transportation fuel intermediates. The main reaction investigated in 
this chapter represented in Figure 3.7 involves ,,crossed” aldol condensation of HMF and 
acetone which leads to the formation of two possible products:  
(E)-4-(5-(hydroxymethyl)furan-2-yl)but-3-en-2-one (1) and (1E,4E)-1,5-bis 
(5-(hydroxymethyl)furan-2-yl)penta-1,4-dien-3-one (2).  
 
 
Figure 3.7 Reaction scheme of the aldol condensation between HMF and acetone. 
 
Dumesic and co-workers were the first who studied the aldol condensation of HMF with 
acetone catalyzed over the homogenous base NaOH in a biphasic system consisting of a 
reactive aqueous phase containing HMF, acetone and NaOH and an organic extracting 
phase (THF) which removes the aldol products (1) and (2) from the reactive reaction 
mixture.175 They investigated the effect of reagent ratios and reaction conditions on the 
final product distribution. It has been demonstrated that the final distribution and yield of 
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products is controlled by the acetone/HMF molar ratio and by the amount of the NaOH 
catalyst relative to HMF. Accordingly, higher acetone/HMF ratios yield more single 
condensation product (1), while lower ratios lead to formation of double condensation 
products (2).175 When acetone was used in excess relative to HMF, a higher NaOH/HMF 
molar ratio resulted in a lower single/double condensation product ratio. However, at 
higher HMF/acetone ratios, the use of more catalyst had little effect on the product 
distribution.175 Furthermore, they observed that also the degradation of HMF in aqueous 
phase was catalyzed by the base, leading to the formation of acidic byproducts which 
neutralize the base and thus limit the formation of condensation products.175 Finally, 
variations of the reaction temperature from 298 K to 353 K only slightly influenced the 
final product distributions.175 In further studies, Dumesic et al. conducted the desired aldol 
condensation in aqueous environment using various solid base catalysts such as MgO, 
CaO, La/ZrO2, Y/ZrO2 and mixed oxides such as MgO-Al2O3, MgO-ZrO2 and  
MgO-TiO287. Additionally, with the aim to produce liquid transportation fuels, the obtained 
aldol products were subsequently hydrogenated in the same reactor to form liquid alkanes. 
Among the investigated catalysts, La/ZrO2 and Y/ZrO2 showed poor activity in the 
condensation reaction. In contrary, CaO was found to be active but leached into aqueous 
solution. Among mixed oxides MgO-Al2O3 was the most active allowing complete 
conversion of HMF but unfortunately it was not stable. On the other hand, MgO-ZrO2 
which exhibited comparable activity to MgO-Al2O3 (about 90% HMF-conversion) showed 
good recyclability. Moreover, in aqueous-phase aldol condensation of HMF and acetone at 
326 K a bi-functional metal-base Pd/MgO-ZrO2 catalyst was found to be active 
demonstrating an identical catalytic performance as the MgO-ZrO2 catalyst.176  
 
Figure 3.8 Reaction scheme of the aldol condensation between furfural and acetone. 
 
The aldol condensation reaction between furfural and acetone shown in Figure 3.8 was 
investigated by Liu et al. in the presence of Mg-Al hydrotalcites as catalysts.177 Thereby, a 
maximum furfural conversion of 78% and a selectivity of 72% to C8-Monomer  
(E)-4-(furan-2-yl)but-3-en-2-one were obtained conducting the reaction at 373 K for 10 h 
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over rehydrated Mg-Al hydrotalcite with a Mg/Al molar ratio of 2.5. Recently, Xu et al. 
found that cobalt aluminate obtained from Co-Al hydrotalcites was an efficient catalyst for 
the aldol condensation of furfural and acetone.177 At optimum reaction conditions (413 K 
and 5 h) cobalt aluminate allowed 96% conversion of furfural with 68% selectivity towards 
(E)-4-(furan-2-yl)but-3-en-2-one and 31 % selectivity to (1E,4E)-1,5-di(furan-2-yl)penta-
1,4-dien-3-one, respectively.  
 
3.3. Scope of this chapter  
In this section the liquid-phase aldol condensation reaction between HMF and acetone was 
investigated. Thereby, the aim of this work was to study preparation, characterization and 
application of solid base catalysts in the desired reaction including Mg-Al hydrotalcites 
with different Mg/Al molar ratios and various spinel oxides such as magnesium aluminate 
(MgAl2O4), cobalt aluminate (CoAl2O4) and zinc aluminate (ZnAl2O4). Furthermore, the 
relationship between the activity and the selectivity of the materials for the desired 
condensation product and the properties of the materials have been investigated to identify 
factors governing aldol condensation and to establish a basis for structure-activity 
relations. 
 
3.4. Aldol condensation between HMF and acetone over Mg-Al 
hydrotalcites 
3.4.1. Hydrotalcites (HTs) 
Clays are lamellar solid materials characterized by charged layers and represent the most 
common minerals on the earth’s surface. They are divided into two broad groups: cationic 
clays, widely spread in nature, and anionic clays, rarer in nature but relatively simple and 
inexpensive to synthesize.178 Hydrotalcites (HTs) or layered double hydroxides (LDHs) 
belong to the family of anionic clays. The naturally occurring HT, which was discovered in 
Sweden in 1842179, is a hydroxycarbonate of magnesium and aluminium with the exact 
formula Mg6Al2(OH)16CO3*4H2O180, and can be considered as a prototype of these class 
of clays. The first studies on the synthesis, stability, solubility and structure determination 
were carried out by Feitknecht almost 70 years ago.181  
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brucite-like layers
interlayer space
 
Figure 3.9 Schematic representation of the hydrotalcite structure.182 
 
As Figure 3.9 depicts, the crystal structure of HT is similar to that of brucite (i.e. 
Mg(OH)2), in which each Mg2+ cation is 6-fold coordinated to hydroxyl groups forming 
[Mg(OH)6]4-octahedra. The constitution of infinite two-dimensional sheets or layers is 
accomplished by edge-sharing of these octahedra. The layers are stacked on top of each 
other and hold together by hydrogen bonding.179 Partial substitution of Mg2+ ions with Al3+ 
ions results in a net positive charge on the sheets that is compensated by negative charged 
anions situated in the interlayer, a region between the two brucite-like sheets.  
LDHs may be represented by the general formula [M2+1-xM3+x(OH)2]x+(An-)x/n*mH2O, 
where M2+ and M3+ are di- and trivalent metal cations and An- represents the interlayer 
anion with a charge n. The type of incorporated anions is essentially unlimited provided 
that the anion does not form a complex with cations in the octahedral sheets during 
formation, otherwise a HT cannot be formed.178 Counterbalancing anions can be simple 
ones such as CO32-, Cl-, NO3-, OH-, or larger organic anions such as carboxylates (RCOO-) 
and sulfonates (RSO2O-) or even inorganic polyoxometalates such as Keggin, Finke or 
Dawson-type anions.183 The thickness of the interlayer is determined by the number, the 
size, the orientation and the strength of the bonds between the corresponding anions and 
hydroxyl groups of the brucite-type sheets.179 Due to weak hydrogen bonding between the 
interlayer anions and the host layer, LDHs exhibit a good anionic exchange capacity. The 
nature of M2+ cations and M3+ cations in HT depends on their ionic radii. Cations with a 
radius similar to that of Mg2+ can be accommodated in the octahedral sites in the  
brucite-like layers. Correspondingly, in the literature various HTs involving divalent 
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cations such as Fe2+, Co2+, Zn2+, Ni2+ and trivalent cations including Al3+, Cr3+, Fe3+, Ga3+ 
have been synthesized. LDHs may be prepared by various techniques such as 
precipitation179 (at variable pH), coprecipitation179 (at constant pH), sol-gel methods184, an 
urea hydrolysis method185, etc. Nevertheless, coprecipitation is the most useful and most 
applied technique. It may be carried out at high supersaturation or at low supersaturation 
which is the most frequently used method. The typical procedure involves slow addition of 
mixed solution of divalent and trivalent metal salts into an aqueous solution of the desired 
interlayer anion. A second solution of an alkali (NaOH or KOH solution) is added 
simultaneously and is used to adjust the pH. In general, coprecipitation at low 
supersaturation is performed at temperatures between 333-353 K and pH ranging from 7 to 
10. In many cases this method allows careful control of the M2+ to M3+ ratio by means of 
the precise control of the solution pH. Moreover, coprecipitation at low supersaturation 
gives rise to more crystalline materials compare to those obtained under high 
supersaturation conditions (fast addition, pH>10), because in the former case the rate of 
crystal growth is higher than the rate of nucleation. Following coprecipitation, a 
hydrothermal treatment is often applied in order to increase yields as well as to enhance the 
crystallinity of amorphous or less crystalline materials. A conventional thermal treatment 
process, also known as ,,aging’’, involves heating of the sample at temperatures between 
323-373 K over a few hours or several days. The second method consists of hydrothermal 
treatment at higher temperatures (>373 K) and higher pressures (10 to 150 MPa). 
Freshly synthesized LDHs have numerous applications. Since they have a good  
anion-exchange capacity they are used as adsorbents186 (e.g. for waste water in industry) or 
as sensors187 (e.g. materials for gas (e.g. CO, CH4) sensing application). Furthermore, HTs 
can be used as heat stabilizers in chlorine containing polymers such as polyvinyl chloride 
(PVC). The stabilization activity arises from the capacity of HT to react with HCl formed 
during degradation of PVC.188  
Moreover, HTs are important precursors for the synthesis of versatile basic catalysts. 
While fresh HTs exhibit poor basic properties, hydrotalcite-derived materials such as 
calcined hydrotalcites and rehydrated hydrotalcites posses superior basicity and thus are 
highly active catalysts in numerous base-catalyzed reactions.189 The thermal decomposition 
of HTs via temperature-controlled calcination between 673 K and 773 K results in the 
formation of high surface area mixed oxides with strong O2- Lewis basic sites as well as 
Mn+ acid sites. As Lewis-type acid-base bifunctional catalysts, mixed oxides find 
application in diverse gas-phase condensation reactions.190 An example of remarkable 
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industrial interest is the vapor-phase synthesis of mesityl oxide and isophorone.191 
Additionally, the bifunctional nature of calcined HTs allows an elegant one-pot synthesis 
of methyl isobutyl ketone (MIBK), a valuable chemical compound.192  
Calcined HTs exhibit another interesting property which allows the reconstruction of the 
original layered structure. This property is called retro-topotactical transformation and it is 
also known as the ,,memory effect’’.193 The reconstruction may be carried out by a 
rehydration procedure either at room temperature by contacting the sample with a stream 
of nitrogen saturated with water vapour during long periods of time (gas-phase 
rehydration) or just by directly adding the water on the calcined HT (liquid-phase 
rehydration).194 However, the reconstruction ability depends on the precalcination 
temperature of the parent HT and thus, has to be lower than that which leads to phase 
segregation (i.e. formation of spinel).193a, 195 Rehydration of Lewis-type catalyst gives a 
Brønsted-type catalyst with OH- ions as compensating interlayer anions. In liquid-phase 
reactions calcined HTs found to be inefficient catalysts due to the presence of strong Lewis 
base sites.196 In contrary, reconstruction of decomposed HTs is reported to enhance 
catalytic activity in these reactions underlining that OH- acts as an active site.197 
Accordingly, these rehydrated materials have been applied to a number of base-catalyzed 
reactions on account of their Brønsted basic character.155 Applications include aldol and 
Knoevenagel condensations189, epoxidation of olefins198, Michael additions199, 
transesterification200, etc. 
 
3.4.2. Characterization of the Mg-Al hydrotalcites  
The physical properties of the fresh hydrotalcites (HTas) and calcined hydrotalcites (HTcalc) 
are given in Table 13. The Mg/Al ratios from EA of the corresponding HTas and HTcalc 
samples are identical and close to the calculated synthesis values and thus independent of 
the samples’ thermal treatment. N2 adsorption experiments at 77 K show that the specific 
surface areas (SBET) of the hydrotalcite materials HTas 1.5, HTas 2.0 and HTas 2.5 are 134, 
126 and 147 m2/g. The HTas materials possess a broad pore size distribution with average 
pore diameters (dp) of 11.9, 15.9 and 11.9 nm together with 0.40, 0.50 and 0.43 cm3/g pore 
volume (Vp) for HTas 1.5, HTas 2.0 and HTas2.5, respectively. Upon calcination the porosity 
of the materials increases in accordance with the increase in BET surface area from 134 to 
208 m2/g for HTcalc 1.5, from 126 to 232 m2/g for HTcalc 2.0 and from 147 to 256 m2/g for 
HTcalc2.5. The increase in surface areas correlates with the decrease of the average pore 
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diameter (from 15.9 nm to 11.9 nm for HTcalc 2.0) and an increase in the pore volume 
(from 0.43 cm3/g to 0.61 cm3/g for HTcalc2.5). This behavior is typical for hydrotalcite 
materials containing carbonates as interlayer anions and can be assigned to the formation 
of craters through the layers due to evolution of CO2 and H2O.201  
 
Table 13 Textural properties of Mg-Al HTs with different Mg/Al ratio. 
Sample Mg/Al molar ratio SBET m2/g Vp cm3/g dp nm 
    Theor.       Exper.(EA)     
HTas1.5     1.5             1.6 134 0.40 11.9 
HTas2.0     2.0             2.1 126 0.50 15.9 
HTas2.5     2.5             2.7 147 0.43 11.9 
HTcalc 1.5     1.5             1.6 208 0.52 9.9 
HTcalc 2.0     2.0             2.1 232 0.69 11.9 
HTcalc 2.5     2.5             2.7 256 0.61 9.6 
 
The X-ray diffraction (XRD) pattern of the as-synthesized HTas materials are depicted in 
Figure 3.10A. They exhibit typical Bragg reflections characteristic of pure hydrotalcites in 
carbonate form, whose main planes are indicated in the figure. The X-ray diffraction 
patterns of the HTas samples show sharp, intense and symmetric peaks at lower diffraction 
angles (2θ=10-25 deg) and broad, asymmetric reflections at higher diffraction angles 
(2θ=30-50 deg), which are characteristics of a highly crystalline hydrotalcite layered 
structure.202 Upon calcination at 723 K the layered crystalline structure of HTas materials is 
destroyed which corresponds to the disappearance of the HT-XRD patterns, as represented 
in Figure 3.10B. The broadened MgO-like signals of HTcalc materials indicate the 
formation of a poorly crystallized periclase-type Mg(Al)O mixed oxides. 
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Figure 3.10 Powder XRD patterns of fresh synthesized hydrotalcites (A) and calcined hydrotalcites at 723 K 
(B) with Mg/Al molar ratios of 1.5 (a), 2.0 (b) and 2.5 (c). 
 
The Fourier transform infrared (FTIR) spectrum of HTas samples and a calcined HTcalc1.5 
sample in the region between 500 and 3900 cm-1 is shown in Figure 3.11. The spectrum 
reveals absorption bands characteristic of hydrotalcites.203 For all HTas samples a broad 
absorption band at around 3350 cm-1 can be assigned to the stretching mode of  
hydrogen-bonded hydroxyl groups from the brucite-like layer and from interlayer water 
molecules. Hydrogen bonding between water and interlayer CO32- ions is detected as a 
shoulder at ~3000 cm-1, whereas the band at ~1640 cm-1 corresponds to the bending 
vibration of interlayer water. The absorption band at ~1360 cm-1 can be assigned to the 
asymmetric stretching vibration of CO32- interlayer ions (chelating or bridging bidentate). 
In the low-frequency region information about the octahedral layers of the hydrotalcite 
structure can be obtained. The bands at ~950 and ~750 cm-1 correspond to Al-O stretching 
and the band at ~640 cm-1 to Mg-O stretching in the brucite-like sheets. Thermal 
calcination of HTas materials leads to the formation of Mg-Al mixed oxides as already 
confirmed by XRD. Here, the prominent bands below 1000 cm-1 are the vibration modes of 
Mg-O and Al-O in the mixed oxide form (Figure 3.11d). This band is broader compared to 
the reference spectrum of pure MgO (Figur 3.11e) due to the enriched HTcalc sample 
containing Al3+. Furthermore, the spectrum shows that water was successfully removed 
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from the HTcalc1.5 sample as indicated by the disappearance of the bands at 3350, 3000 and 
1640 cm-1. Additionally, the carbonate band suffers from a rearrangement in the 
interlamellar space which leads to a decrease in intensity of the band at ~1360 cm-1. In the 
reference spectrum of MgO the band at ~1400cm-1 can be assigned to the vibrations of 
carbonate and water adsorbed on the oxide surface. 
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Figure 3.11 FTIR spectra of HTas1.5 (a), HTas2.0 (b), HTas2.5 (c), HTcalc1.5 (d) and MgO (e). 
 
Figure 3.12 shows the thermogravimetric and differential thermal analysis (TG-DTA) of 
freshly prepared HTas samples. The TG-DTA curves of HTas compounds reveal successive 
steps of weight loss during temperature rise and are in good agreement with those found in 
literature.193b For all materials a gradual weight loss is observed from about 380 K to 
approximately 800 K. Two main endothermic effects can be distinguished. The first 
endothermic effect for HTas1.5 and HTas2.0 samples appears at around 490 K while for the 
HTas2.5 sample this effect is located at 420 K. The second endothermic effect for all HTas  
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Figure 3.12 TG-DTA profiles of fresh synthesized hydrotalcite samples: HTas1.5 (A), HTas2.0 (B) and 
HTas2.5 (C). 
 
compounds is at around 680 K. The first endothermic effect may be attributed to the loss of 
physically adsorbed and interlayer water molecules, whereas the second endothermic effect 
or weight loss originates from dehydroxylation of the brucite-like sheets and 
decomposition of carbonates in the interlayer. The monitored mass peaks at 18 (H2O+) for 
H2O or OH- and the mass peak at 44 (CO2+) are in accordance with the observed weight 
losses. Defined and immediate m/z peaks=18 are observed during the first, as well as 
during the second step of weight loss with maxima at around 490 K and 680 K for HTas1.5 
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and HTas2.0 (Figure 3.12A and B) and 410 K and 680 K for HTas2.5 (Figure 3.12C). In 
contrary, a gradual increase of the mass peak m/z=44 is only observed during the second 
step of weight loss from 400 K to 800 K with a slight maxima at around 680 K. The total 
weight loss for all materials is in the range of 42-47%. This high percentage is in 
agreement with the high affinity of water for Mg.204 As a result of water removal and 
dehydroxylation, as well as the decomposition of carbonate anions observed by thermal 
analysis, surface areas and pore volumes increased after calcination (Table 13). 
 
High-resolution, solid-state aluminium-27 nuclear magnetic resonance spectroscopy (27Al 
NMR) with magic angle spinning (MAS) was used to study the coordination of aluminium 
ions in the prepared HT samples. Figure 3.13 shows the 27Al MAS-NMR results for 
HTas1.5 and HTcalc1.5. Also a spectrum of γ-Al2O3 is shown as a reference.  
a
c
b
 
Figure 3.13 27Al MAS-NMR of as-synthesized HTas1.5 (a) and calcined HTcalc1.5 (b); γ-Al2O3 (c). 
 
The spectrum of fresh synthesized sample HTas1.5 (Figure 3.13a) shows a single signal 
centered at δ=9.5 ppm. This peak can be assigned to Al octahedrally coordinated to 
hydroxyl groups in the hydrotalcite-like structure. This is in good agreement with data 
reported in literature and with the assumption that Mg2+ cations are isomorphically 
substituted by Al3+ ions in the HT structure. As noted earlier, calcination of HTas1.5 
yielded a Mg(Al)O mixed oxide. Consequently, for the calcined sample HTcalc1.5 the 27Al 
MAS-NMR spectrum shows two signals at δ=13.2 and δ= 73.4 ppm that can be attributed 
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to octahedrally and tetrahedrally coordinated Al, respectively (Figure 3.13b). Thus, the 
contribution of tetrahedrally coordinated Al increased at the expense of the octahedrally 
coordinated Al, correlating with the collapse of the lamellar structure as evidenced by 
XRD (Figure 3.10B). The results are in good agremeent with 27Al MAS-NMR spectra 
reported by Medina et al.205 Furthermore, the spectrum of HTcalc1.5 correlates well with 
the reference spectrum of pure γ-Al2O3 (Figure 3.13c) which as well demonstrates the 
presence of Al in octahedral and tetrahedral coordination as represented by signals at δ=8.5 
and δ=65.7 ppm. This is also verified by spectra reported in literature that confirm both 
coordination of Al ions in γ-Al2O3.206 
 
3.4.3. Catalytic performance of Mg-Al hydrotalcites  
During crossed aldol condensation between HMF and acetone two possible aldol products 
(1) and (2) can be formed, as displayed in Figure 3.7. It should be noticed that in the 
examined reaction acetone was used both as a substrate and solvent. Due to an excess of 
acetone, the main and desired product is (1). Nevertheless, due to the symmetry of the 
acetone molecule further condensation with HMF is possible leading to the formation of 
(2) as minor product. Interestingly, the aldol product (1) is also a naturally occurring furan 
derivative known as rehmanone C.207 It has been isolated from the roots of Rehmannia 
glutinosa, a plant which is widely used as a medicine for the treatment of insomnia, 
arthritis, menstrual disorders, coronary heart affections and also as a tonic.208 Compound 
(1) displays significant biological activity since it promotes immune activity.208 Therefore, 
in organic chemistry diverse synthetic strategies were developed for the preparation of this 
attractive natural product.207 Nevertheless, (1) is also an important intermediate for the 
production of potential fuels or fuels additives as will be shown in chapter 4. 
It should be pointed out that the aldol products (1) and (2) are commercially not available. 
In order to enable their quantification, after carrying out the aldol condensation reaction, 
(1) and (2) were separated and purified by column chromatography using a mixture of 
dichloromethane and 2-propanol as the eluent with a dichlormethane/2-propanol ratio of 
20:1. The purity of both aldol products was confirmed by 1H NMR. The observed 1H NMR 
spectra together with the structure of (1) and (2) are shown in Figure 3.14 and 3.15. In both 
spectra a quintet at δ = 2.5 ppm can be assigned to dimethyl sulfoxide (DMSO-d6), the 
solvent used for the 1H NMR measurements.  
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7               6              5               4               3 2 ppm  
Figure 3.14 1H NMR of the target product (1). 
 
In the spectrum of (1) three H-protons of the CH3-group (H1’) reflect a singlet at δ = 2.22 
ppm while the H-proton of the OH-group (H7’) appears at δ = 3.34 ppm. Two H-protons in 
adjacency of the OH-group (H6’) give the doublet at δ = 4.46 ppm whereas the two  
H-protons at the furan ring appear as doublet at δ = 6.41 ppm (H5’) and δ = 6.47 ppm 
(H4’). Finally, the protons of the C-C double bond give a signals at δ = 6.90 ppm (H3’) and 
δ = 7.41 ppm (H2’), respectively. These NMR data are in agreement with data found in 
literature.208 
 
7                 6                  5                  4       3              ppm  
Figure 3.15 1H NMR of the minor product (2). 
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The spectrum of (2) is comparable to that of (1) due to relative similar chemical 
environment of its protons. Accordingly, the H-proton of the OH-group (H1’) gives a 
singlet at δ = 3.33 ppm and the H-protons of the CH2-group (H2’) appear as a doublet at  
δ = 4.47 ppm. Doublets at δ = 6.49 ppm and δ = 6.88 ppm belong to the H-protons of the 
furan ring (H3’ and H4’). Two signals giving the doublet at δ = 6.97 ppm and δ = 7.49 ppm 
correspond to the protons of the C=C bond (H5’and H6’). 
 
Table 14 shows the catalytic performance in the aldol condensation reaction of HMF with 
acetone conducted over fresh synthesized (HTas) and activated hydrotalcites (HTcalc) 
calcined at 723 K. In addition, the results obtained over pure MgO and Al2O3 oxides as 
well as over supported potassium fluoride supported on alumina (KF/Al2O3) are also 
tabulated.  
 
Table 14 Catalytic performance of as-synthesized HT, calcined HT, MgO, Al2O3 and KF/Al2O3 at 373 K for 
5 h with HMF/catalyst=4.7 [g/g]. 
Catalyst  HMF-conversion % Yield of (1) % Selectivity to (1) % 
HTas1.5 / / / 
HTas2.0 / / / 
HTas2.5 / / / 
HTcalc1.5 17 8 47 
HTcalc2.0 26 11 42 
HTcalc2.5 37 14 37 
MgO 20 7 35 
Al2O3 100 71 71 
KF/Al2O3 100 / / 
 
It can be seen that HTas samples with carbonate as the compensating anion possessed no 
activity while HTcalc materials exhibited superior but still moderate catalytic activity. For 
HTcalc1.5, HTcalc2.0 and HTcalc2.5 catalysts a maximum of HMF conversion of 37% was 
obtained over a HTcalc catalyst with an Mg/Al ratio of about 2.5 while a catalyst with the 
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lowest Mg/Al ratio, HTcalc1.5, allowed the highest selectivity of 47% towards the desired 
product (1).  
In the case of the pure oxides (MgO and Al2O3), the catalytic activity of MgO was 
comparable to that of HTcalc materials but its selectivity was lower. In contrast, Al2O3 
reached a considerably higher selectivity. In the case of Al2O3, the complete conversion of 
HMF was obtained at 373 K after 5 h of reaction time. Thereby, the selectivity towards the 
desired product reached 71%. High catalytic activity was also observed conducting the 
reaction over KF/Al2O3. However, KF/Al2O3 showed no selectivity to the target product 
(1). 
It is interesting to point out that during the synthesis of (1) different by-products can be 
formed that reduce the yield of the desired target molecule. In a parallel pathway, self-
condensation of acetone can occur as a side reaction (Figure 3.16). In contrary, HMF 
cannot undergo a self-condensation reaction because it does not possess an α-H that is 
required for the aldol condensation reaction.  
 
 
Figure 3.16 Reaction scheme of the self-condensation reaction of acetone. 
 
Although relatively simple on the first sight, self-condensation of acetone is a very 
complex reaction. It can be catalyzed by acids as well as by bases and it can be carried out 
in both liquid and vapor phases. Via competitive self-condensation and cross-condensation 
reactions between the same or different ketones that are formed during the reaction, 
numerous products can be formed. In the liquid-phase, the primary product is 4-methyl-4-
hydroxy-2-pentanone, also known as diacetone alcohol (DAA) (Figure 3.16). Besides 
being used as a solvent for cellulose acetate, nitrocellulose and epoxy resins, DAA is also a 
useful intermediate for the production of hexylene glycol and methyl isobutyl ketone 
(MIBK).192, 209 The conversion of acetone towards DAA is a reversible process with the 
equilibrium favoring acetone with increasing temperature.210 For this reason, catalytic 
conversion of acetone to DAA is mostly conducted in the temperature range from 273 K to 
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293 K.211 The most frequently applied catalysts are basic hydroxides such as KOH or 
NaOH.211 However, the application of molecular bases causes several practical problems. 
The formation of 4-methyl-3-penten-2-one, commonly known as mesityl oxide (MO) 
(Figure 3.16), occurs rapidly under acidic conditions, which is difficult to prevent during 
neutralization with diluted acid solutions. Furthermore, remaining alkali catalyst reduces 
the amount of DAA during distillation, since the elevated temperature favors the reverse 
reaction towards acetone. To avoid the mentioned problems researches have discovered 
many alternative heterogeneous systems including metal oxides and hydroxides as 
catalysts.211 Nevertheless, in many cases the selectivity of these catalysts for DAA 
formation was not as good as for homogenous catalysts since they tend to exhibit both 
acidic and basic properties. Other applications of the self-condensation of acetone can be 
found performing the reaction at higher temperatures or in the gas-phase (>473 K). In the 
temperature range from 298 K to 423 K MO can be prepared in good yields over various 
acid catalysts.211 In addition, when operating in the gas-phase, secondary reactions (aldol-
condensations and Michael additions) between MO and acetone take place yielding 
industrially important compounds such as mesitylene, (iso-) phorone, 3,5-xylenol and 
isoxylitones.212 
According to this, DAA was not observed in the aldol condensation of HMF with acetone 
due to a relatively high operation temperature. Nevertheless, MO was found in the reaction 
mixture. In the reactions catalyzed over HTcalc the formation of MO was relatively low  
(1-3%). When the reaction was performed over MgO and Al2O3 the yield of MO reached 
ca. 5%. In the case of KF/Al2O3 a slightly higher yield of MO was obtained (12%). Besides 
MO, by-products coming from oligomers derived from HMF were also formed especially 
in the reaction conducted over KF/Al2O3. 
 
What is the reason for the different reaction efficiency? And how can the different catalytic 
activity among the investigated solid base catalysts be explained? 
In order to catalyze the desired reaction, a solid base catalyst with appropriate base 
strength is essential. Thereby, the base sites present on the surface of the solid catalyst 
contribute to the desired reaction and thus play a crucial role. In HTs two types of basic 
sites are present: stronger Lewis sites (isolated O2- anions) and weaker Brønsted sites (OH- 
groups). The freshly prepared HTas samples are highly hydrated materials. They exhibit 
poor basic properties because the adsorbed water hinders the access to base sites at the 
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catalyst surface.213 Consequently, these materials were inefficient as catalysts in the aldol 
condensation of HMF with acetone as evident from the results listed in Table 14. Upon 
calcination, highly hydrated HTas materials were converted into a well dispersed mixture of 
Mg(Al)O mixed oxides. The surface properties of pure MgO as well as of the Mg(Al)O 
mixed oxides derived from HTs have been extensively studied.214 FTIR measurements of 
adsorbed CO2 molecules combined with temperature-programmed desorption of 
preadsorbed CO2 (TPD-CO2) facilitate the investigation of the nature of chemisorbed CO2 
species and consequently enables the identification of the surface base sites. Diez et al. 
investigated the chemical nature of the adsorbed species on pure MgO using FTIR and 
identified three different CO2 adsorption species: unidentate carbonate, bidendate 
carbonate and bicarbonate.215 Figure 3.17 displays these three adsorption species. 
Formation of unidentate carbonate species occurs by interaction of CO2 molecules with O2- 
anions of low-coordination such as those present in corners or edges. Bidendate carbonate 
forms on acid –base pairs such as Mg2+-O2- whereas bicarbonate formation involves 
surface OH- groups. Consequently, in the FTIR spectra typical symmetric and asymmetric 
O-C-O stretching as well C-OH bending modes appear at characteristic wavenumbers.215  
 
 
Figure 3.17 Different adsorbed CO2 surface species.215 
 
These species reflect three different types of base sites: Brønsted sites (OH- anions), Lewis 
sites (O2- anions) and Lewis acid- Brønsted base pairs (Mn+-O2-). In the TPD-CO2 spectrum 
Brønsted sites appear in the low-temperature region (370 -400 K). Lewis acid- Brønsted 
base pairs Mn+-O2- can be found in the middle-temperature region (400 -500 K) while 
Lewis O2- base sites correspond to a desorption band located at higher-temperatures (from 
550 K).214a In addition, IR spectra of adsorbed species revealed that upon increasing the 
evacuation temperature the bicarbonate bands disappeared whereas the unidentate 
carbonates remained on the surface of MgO even at higher temperatures.215 According to 
this, Diez et al. determined an order of base strength for the different base sites. Thus, 
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weaker base sites can be attributed to Brønsted sites, Mn+-O2- pairs are basic sites of 
medium strength while Lewis sites corresponds to stronger basic sites.215 
For pure MgO bidentate and unidentate carbonates are found to be the predominant species 
on the surface indicating the strong basic O2- anions as active base sites.214a This is verified 
by TPD-CO2 spectra of pure MgO which showed a desorption band at around 600 K 
represented in Figure 3.18b. In HTcalc1.5 mixed oxide obtained by thermal decomposition 
of a hydrotalcite all three base sites are present (Figure 3.18c). However, the contribution 
of low-, medium- and high-strength basic sites depends on the composition of the 
hydrotalcites.214b Cosimo et al. found that calcined HTs with higher Al content exhibited a 
lower density of stronger Lewis base sites but a higher concentration of weak and medium 
base sites while Mg-rich samples favor pure MgO, possessing the highest relative 
concentration of high-strength base sites.214b Therefore, it can be concluded that the surface 
properties and basicity of the resulting calcined HTs depend strongly on the chemical 
composition of the HTs. In contrary, weakly bonded bicarbonate species were formed on 
pure Al2O3 indicating Brønsted OH- groups as predominant base sites emphasized by a 
temperature peak at 450 K (Figure 3.18a).214b  
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Figure 3.18 TPD-CO2 spectra of Al2O3 (a), MgO (b) and HTcalc1.5 (c). 
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Furthermore, the isomerization of β-isophorone to α-isophorone displayed in Figure 3.19 
has been reported as a model test reaction for basicity measurements.216 It is a simple 
monomolecular reaction catalyzed by HTs, with a thermodynamic equilibrium displaced 
toward α-isophorone at low temperature.217  
 
O O
-isophorone -isophorone  
Figure 3.19 Isomerization reaction of β-isophorone to α-isophorone. 
 
Sharma et al. used the isophorone isomerization to investigate the basicity of calcined HTs 
with a Mg/Al molar ratio of 1.5, 2.5 and 3.5.218 They observed a linear correlation between 
the initial rate of reaction and the Mg/Al molar ratio of the calcined HTs. The calculated 
value of the initial rate of 37x10-4 mol gcat-1s-1 for the activated hydrotalcite of a Mg/Al 
molar ratio of 1.5 increased up to 48x10-4 mol gcat-1s-1 for a Mg/Al molar ratio of 3.5.218 In 
addition, the isomerization of β-isophorone to α-isophorone is zero order and hence the 
initial rate of reaction is equal to the rate constant thus allowing a measure of the total 
number of active sites.216 In this case, the value of the rate constant for isophorone 
isomerization is proportional to the number of basic sites.216 As mentioned above, a higher 
Mg/Al molar ratio gives a material with high density of strong base sites and thus higher 
basicity. According to this and as reported by Sharma et al., calcined HT with a Mg/Al 
ratio of 3.5 exhibited maximum catalytic activity for the investigated isomerization 
reaction. In contrary, the increasing Al content in the activated hydrotalcites resulted in a 
lower basicity due to the decrease of total number of basic sites as stated by Cosimo et 
al.214b 
Taking into account the above discussed features of solid base materials, the following 
conclusions affecting structure-activity relationship of the investigated solid base catalysts 
can be made. The increased catalytic activity of HTcalc materials in the examined reaction 
arises from the base sites formed during thermal decomposition. Accordingly, compared to 
the fresh HTas samples activated HTcalc materials are more basic, both in terms of basic 
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strength and number of basic sites.197 In contrast to the isophorone isomerization reaction, 
in the aldol condensation between HMF and acetone the catalyst with the lowest Mg/Al 
ratio, HTcalc1.5, reached the lowest conversion but enabled the highest selectivity toward 
(1). From this it can be deduced that for the aldol condensation reaction between HMF and 
acetone a lower basicity and a consequently higher proportion of weaker base sites are 
required. The result obtained over pure MgO, a typical strong Lewis alkali, confirms this 
observation. These results are in accordance with those reported by Climent et al.131a They 
demonstrated that in the aldol condensation of acetone and citral a lower selectivity 
towards target product was observed when MgO instead of calcined HT was used as a 
catalyst.131a Nevertheless, Kirm et al. reported that among hydrotalcites calcined at 723 K 
with Mg/Al ratios in the range from 2 to 4 the selectivity reached a maximum for a sample 
with Mg/Al ratio of 4 which is in disagreement with results obtained here.205 Further, they 
demonstrated that MgO exhibited comparable selectivity as calcined HTs. However, zero 
activity was observed for Al2O3.205 These results indicate again the important role of basic 
sites involved in the reaction. 
Ando et al. found that for KF/ Al2O3 the main F-containing species was K3AlF6, which 
was formed by a reaction of KF with alumina.219 Thereby, coordinatively unsaturated F- 
ions were confirmed by 19F MAS NMR and found to be the active species.219 Ando et al. 
postulated two types of active basic sites involving F- : F- ions strongly H-bonded to the 
hydroxylated surface of alumina (Al-[OH***F-]-) and the coordinatively unsaturated F- 
ions stabilized on the alumina surface by H-bonding to local water molecules.220 They 
claimed that the F- ions may still exert powerful basicity through a partial hydration sphere 
by their strong H-bonding ability. Indeed, a diverse range of synthetic reactions have been 
efficiently accomplished using fluoride reagents.221 Therefore, the high activity of 
KF/Al2O3 in the aldol condensation of HMF with acetone was not surprising considering 
the high activity of this material in Michael additions and aldol condensation reactions that 
require strong basicities.221 However, in the present case, KF/Al2O3, a Lewis catalyst of the 
non-oxide type, showed zero selectivity towards (1). In contrary, the presence of strong 
basic sites led to the formation of undesired side products. In the literature the low 
selective behavior of KF/Al2O3 compared to calcined HT was found in the preparation of 
vesidryl by a Claisen-Schmidt condensation reaction.222  
Finally, the considerably higher selectivity of Al2O3 can be ascribed to the different nature 
of base sites present on its surface, as already describe in literature and as shown by  
TPD-CO2 measurements (Figure 3.18a). Therefore, the selectivity to (1) strongly depends 
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on the nature of basic sites involved in the reaction. Consequently, it can be concluded that 
catalysts bearing Lewis basic sites such as calcined HTcalc samples with different Mg/Al 
ratio (HTcalc1.5, HTcalc2.0 and HTcalc2.5), MgO and KF/Al2O3 are inappropriate for the 
examined reaction. Moreover, the reaction requires basic sites with weaker base strength 
such as the one exhibited by OH- groups on the Al2O3.  
 
3.4.4. Generating the Brønsted OH- groups on the surface of calcined hydrotalcite  
Rehydration of the calcined HTs allows transformation of Lewis base sites into Brønsted 
base sites. It can be carried out by two different methods: gas-phase rehydration and  
liquid-phase rehydration. During gas-phase rehydration the material is in contact with a 
flow of inert gas saturated with water vapour. This procedure is usually conducted at room 
temperature over long rehydration times.223 The liquid-phase procedure is performed by 
mixing the material with decarbonated water under inert atmosphere at different 
rehydration temperatures and times.177 For example, Liu et al. reported that for HTs 
rehydrated in the liquid-phase a rehydration time of 2 h and a rehydration temperature of 
343 K were necessary.177 For material rehydrated in the gas-phase, Rao et al. found that for 
an aldol reaction of benzaldehyde and acetone, the optimum time of rehydration was 7 h 
whereas for the condensation between benzaldehyde and acetophenone a rehydration time 
of 18 h was required.197, 223 Therefore, in order to design a suitable catalyst a lengthy 
rehydration treatment is needed. Nevertheless, Corma et al. introduced a faster and easier 
workup rehydration procedure. This method of liquid-phase rehydration involves 
activation of calcined HT by simple addition of water on the freshly calcined material.223 
In addition, beside formation of Brønsted sites, rehydration of the calcined HT provides a 
reconstruction of the layered structure, as depicted in Figure 3.20. 
 
 
Figure 3.20 Reconstruction process of calcined HT upon rehydration.224  
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In order to generate the OH- groups and to gain deeper insight into the structure of the 
rehydrated HT, a calcined HTcalc1.5 sample was chosen and consequently rehydrated by 
means of liquid-phase rehydration developed by Corma et al. For this purpose, 40wt.% 
water based on the weight of the catalyst was directly added on the freshly calcined 
HTcalc1.5 sample. The rehydrated catalyst is assigned as HTrh1.5-40. Upon rehydration, the 
calcined catalyst HTcalc1.5 undergoes several changes of its physicochemical properties. 
Thus, some of them greatly differ from both freshly prepared HTas1.5 and a thermally 
activated HTcalc1.5 sample. In the following, the physicochemical properties of HTrh1.5-40 
will be described in more detail since they are of a great importance for the catalytic 
behavior of rehydrated HTs.  
As can be seen from the XRD patterns in Figure 3.21, the rehydration of HTcalc1.5 calcined 
at 723 K resulted in the reconstruction of the layered structure, due to the ,,memory 
effect’’, a typical feature of mixed oxides (Figure 3.21b) to be transformed back into the 
HT structure (Figure 3.21c).  
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Figure 3.21 XRD patterns of HTas1.5 (a), HTcalc1.5 (b) and HTrh1.5-40 (c). 
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The successful (partial) reconstruction of the lamellar structure is also confirmed by the 
27Al MAS-NMR spectrum which is represented in Figure 3.22. In contrast to the spectrum 
of the HTcalc1.5 sample (Figure 3.22b), the 27Al MAS-NMR spectrum of HTrh1.5-40 shows 
an increased contribution of octahedrally coordinated Al, as evidenced by the signal at  
δ=9 ppm (Figure 3.22c). Moreover, the 27Al spectrum of HTrh1.5-40 corresponds very well 
with the spectrum of freshly prepared HTas1.5 (Figure 3.22a). Nevertheless, the signal at 
δ=74 ppm confirms a relative small fraction of tetrahedrally coordinated Al in HTrh1.5-40. 
a
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Figure 3.22 27Al MAS-NMR spectrum of HTas1.5 (a), HTcalc1.5 (b) and HTrh1.5-40 (c). 
 
The effect of rehydration is also clearly represented by TEM images depicted in Figure 
3.23. The morphology of the HTrh1.5-40 sample differs from the originatl HTas1.5 structure 
as well as from the structure of the calcined HTcalc1.5 sample. The TEM micrographs show 
a stacked and crystalline structure of the freshly synthesized HTas1.5 (Figure 3.23a). It 
should be noticed, that in the experimental conditions necessary for the TEM analysis, the 
material was kept under high vacuum. Consequently, it is reasonable to assume that 
dehydration and partial loss of the layered structure occurred. Therefore, although the 
sample is crystalline, as evidenced by the XRD pattern, diffraction fringes were not always 
detected. The TEM image of HTcalc1.5 in Figure 3.23b shows that the morphology of the 
crystallites, with respect to HTas1.5, had largely been retained. Additionally, in the 
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crystallites of HTcalc1.5 “craters” or “holes” arose caused by water removal and 
dehydroxylation and a consequently higher mesopore volume and higher surface area for 
HTcalc1.5 were observed (Table 13). Following calcination and rehydration, the HT 
platelets in HTrh1.5-40 are packed more closely and the regular stacks still present after 
calcination have been transformed into an irregular but layered structure (Figure 3.23c) 
giving the XRD pattern shown in Figure 3.21c. Also a strong decrease of the specific 
surface area from 208 m2/g after calcination to 139 m2/g after rehydration was observed as 
represented in Figure 3.24.  
a
b
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Figure 3.23 TEM images of HTas1.5 (a), HTcalc1.5 (b) and HTrh1.5-40 (c). 
 
The decreased specific surface area correlates with a decrease of the mesopore volume 
from 0.52 cm3/g to 0.36 cm3/g. The smaller mesopores can be assigned to the closure of 
mesopores due to agglomeration of platelets created by the calcination/rehydration 
processes as evident from Figure 3.23c. This phenomenon results from the high capillary 
forces occurring during water removal from the HT platelets during drying. 
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Figure 3.24 N2-sorption isotherms of HTas1.5 (b), HTcalc1.5 (c) and HTrh1.5-40 (a). 
 
More importantly, the rehydration process enabled the transformation of Lewis-type 
catalyst (HTcalc1.5) into a Brønsted-type catalyst (HTrh1.5-40). Thus, the water directly 
dropped on the calcined HTcalc.1.5 reacts instantly with the most accessible O2- anions at 
the catalyst surface producing OH- ions. The transformation of O2- ions in OH- ions is 
clearly visible in the TPD-CO2 spectrum shown in Figure 3.25.  
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Figure 3.25 TPD-CO2 spectra of HTcalc1.5 and HTrh1.5-40. 
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As can be seen, HTcalc1.5 shows a broad desorption band in the range from 400 K to 
approximately 1000 K. The detected desorption band is in a good agreement with the  
TPD-CO2 spectrum found in literature.205 This broad band indicates the existence of 
different basic sites mentioned in section 3.4.3. Accordingly, weaker base sites are 
represented by a temperature peak from 400 K to 500 K while the desorption band with a 
peak maximum at 600 K and a small shoulder at 700 K can be assigned to medium- and 
high-strength base sites. In contrary, the spectrum of HTrh1.5-40 consists of only one 
defined desorption peak in the temperature range from 450 K to 650 K indicating an 
important change in the basic properties of the HTcalc1.5 material during the rehydration 
process. A defined single desorption peak of HTrh1.5-40 with a maximum at around 580 K 
reflects the formation of Brønsted basic sites and is in accordance with the TPD-CO2 
spectrum reported by Medina et al.193b  
The catalytic performance of the rehydrated HTrh1.5-40 sample was compared to the 
thermally activated HTcalc1.5 catalyst. The results are tabulated in Table 15. As can be 
seen, rehydration of HTcalc1.5 significantly enhanced its activity. The rehydrated  
HTrh1.5-40 catalyst enabled complete conversion of HMF thereby reaching a high 
selectivity towards (1) of 76%. The obtained results clearly manifest that the improved 
catalytic activity of HTrh1.5-40 originates from hydroxyl anions generated by the 
rehydration procedure (Figure 3.25). The conclusion that can be drawn from these results 
is that the aldol condensation of HMF and acetone is preferentially catalyzed by OH- ions 
as assumed in the classical organic mechanism. 
 
Table 15 Results obtained over HTcalc1.5 and HTrh1.5-40 at 373 K for 5 h with HMF/catalyst=4.7 [g/g]. 
Catalyst HMF-conversion % Yield of (1) % Selectivity to (1) % 
HTcalc1.5 17 8 47 
HTrh1.5-40 100 76 76 
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3.4.5. Influence of the water content of calcined/rehydrated hydrotalcite on its 
activity 
Since water is also one of the products formed in the aldol condensation between HMF and 
acetone it is of interest to study the influence of the water content in the rehydrated sample 
on the rate of reaction. For this purpose, aldol condensation was carried out at 373 K in the 
presence of HTcalc1.5 sample activated by adding different amounts of water (0-80 wt.%) 
just before the reaction. Figure 3.26 depicts the variation of the initial rate of formation of 
(1) as a function of the amount of water added to the freshly calcined catalyst. 
Additionally, Table 16 summarizes the HMF-conversions as well as the product yields and 
selectivities obtained within 1 h of reaction. It can be seen, that the activity of the calcined 
HTcalc1.5 sample compared to rehydrated catalysts was very low with a formation rate of 
only 0.0019 molgcat-1h-1 (Table 16, Entry 1). Nevertheless, already a small amount of water 
considerably enhanced the catalytic activity of the rehydrated catalyst. Consequently, the 
rate of formation increased from 0.0019 molgcat-1h-1 up to 0.004 molgcat-1h-1 (Table 16, 
Entry 2). In general, activity and product yields gradually increased upon increasing the 
amount of water until reaching a maximum of 0.0137 molgcat-1h-1 for a catalyst with 
40wt.% water. After this maximum the activity decreased progressively by further 
increasing the amount of water and dropped down to 0.0025 molgcat-1h-1 for 80wt.% water 
added.  
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Figure 3.26 Influence of the water content of the HTrh1.5 catalyst on the initial rate of formation of (1) at 373 
K and 1 h with HMF/catalyst=4.7 [g/g]. 
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Table 16 Results obtained with HTcalc1.5 with different amounts of water added at 373 K and 1 h with 
HMF/catalyst=4.7 [g/g]. 
Entry wt.% H2O HMF Initial rate Yield of (1)  Selectivity to (1) 
    conversion % molgcat-1h-1 % % 
1 0 11 0.0019 5 45 
2 10 19 0.004 11 57 
3 20 24 0.0055 15 62 
4 30 34 0.0085 23 67 
5 40 51 0.0137 37 72 
6 50 42 0.010 27 64 
7 60 23 0.0052 14 60 
8 70 21 0.004 11 52 
9 80 15 0.0025 7 46 
 
The significant increase in catalytic activity can be explained by the formation of Brønsted 
base sites as already confirmed. However, the role of the water in this catalytic process is 
complex since it reacts with the solid catalyst to produce Brønsted base sites and it is also 
one of the reaction products. Therefore, the maximum of activity should occur for an 
optimum amount of water added to the catalyst. Here, this value accounts for 40wt.%. This 
amount of water was also expected taking into account that the total weight loss in  
as-synthesized HTas samples is around 40% (Figure 3.12). The determined value of 
40wt.% was also verified by Corma et al. who reported that the maximum activity for the 
citral-acetone condensation was obtained for a HT with 36wt.% water added.131a Also, 
Abello et al. reported a value of around 39%.225 
The results observed with an amount of water higher than 40wt.% indicate that an excess 
of water on the catalyst surface negatively affects the efficiency of the reaction. 
Furthermore, taking into account that aldol condensation is a reversible reaction, an excess 
of water over the HTcalc1.5 catalyst shifts the reaction equilibrium towards the formation of 
the reagents. Moreover, the apparent decrease in conversions and product yields obtained 
for the catalyst with a water content in the range of 50 to 80wt.% can be attributed to the 
blocking of the active base sites. Thus, the OH- base sites are inaccessible for the reactants 
leading to a decreased catalytic activity as visible in Figure 3.26.  
Further, the aldol condensation catalyzed over rehydrated HT catalysts with different 
Mg/Al ratio was conducted to examine the catalytic activity of different HTs. The reaction 
was performed at 373 K for 1 h using HTs with a water content of 40wt.%. The results 
obtained with HTrh1.5-40, HTrh2.0-40 and HTrh2.5-40 are tabulated in Table 17. Among 
the investigated rehydrated catalysts, HTrh1.5-40 showed the lowest catalytic activity with 
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51% conversion and 73% selectivity towards (1). The calculated initial rate was found to 
be 0.0013 mol gcat-1h-1. For the HTrh2.0-40 sample a comparable activity was observed. In 
contrast, the initial rate increased up to 0.02 mol gcat-1h-1 in the reaction conducted over 
HTrh2.5-40 which allowed a relative high selectivity of 83%.  
 
Table 17 Catalytic performance of different HTcalc with water added of 40wt.% at 373 K and 1 h with 
HMF/catalyst=4.7[g/g]. 
Catalyst Initial rate mol gcat-1h-1 HMF-conversion % Selectivity to (1) % 
HTrh1.5-40 0.013 51 73 
HTrh2.0-40 0.015 54 77 
HTrh2.5-40 0.02 63 83 
 
Considering that the catalyst with the highest Mg/Al ratio HTcalc2.5 exhibits the highest 
concentration of high-strenght O2- base sites, as already discussed in section 3.4.3, its 
superior activity was expected. Accordingly, compared to HTrh1.5-40 and HTrh2.0-40 
water reacts with a greater number of O2- anions present on the HTcalc2.5 surface and hence 
a greater number of OH- Brønsted site is generated.  
Nevertheless, most of the basic sites could be inaccessible, because of being sandwiched 
between two layers of Mg and Al hydroxides in a brucite-like structure. It has been 
reported that only 5% of the totally available basic sites in rehydrated HT participate in 
liquid-phase aldol condensation reactions.172 It is assumed that these ions are located at or 
near the edges of the platelets, as demonstrated in Figure 3.27, and thus are exposed to the 
reactants and therefore are more accessible. 
Active OH-
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Calcination / 
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Figure 3.27 Effect of the activation procedure (calcination and rehydration) on the HT structure.146 
 
Medina et al. investigated the influence of the platelet size of HTs in the liquid-phase aldol 
condensation.146 HTs with different platelet size were prepared using different aging 
temperatures and afterwards samples were rehydrated by a liquid-phase and by gas-phase 
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rehydration procedure. They demonstrated that the size of the platelets was smaller when 
the rehydration procedure was carried out in the liquid-phase. They claimed that the 
formation of smaller platelets increases the number of exposed OH- ions which contributes 
to the enhanced activity. 
Figure 3.28 shows TEM images of rehydrated HTrh1.5-40, HTrh2.0-40 and HTrh2.5-40 
samples. As already demonstrated in section 3.4.4, the rehydration of the calcined HTcat1.5 
catalyst induced significant changes of its morphology. The same observation was obtained 
for HTrh2.0-40 and HTrh2.5-40. Accordingly, the heat liberated by the fast rehydration of 
HTcalc1.5, HTcalc2.0 and HTcalc2.5 caused breaking of particles and a more irregular 
structure was obtained as visible in the TEM images in Figure 3.28. An irregular structure 
provokes a higher proportion of edges and therefore increases the number of available base 
sites. Furthermore, the average platelet size of the rehydrated HTs estimated by TEM was 
40, 30 and 10 nm for HTrh1.5-40, HTrh2.0-40 and HTrh2.5-40, respectively. Thus, a smaller 
platelet size and with it the higher density of available OH- base sites located at the edges 
are responsible for the higher catalytic activity of HTrh2.5-40. 
a b c
 
Figure 3.28 TEM images of HTrh1.5-40 (a), HTrh2.0-40 (b) and HTrh2.5-40 (c). 
 
3.4.6. Influence of the temperature on the aldol condensation reaction between HMF 
and acetone 
The effect of the reaction temperature on the aldol condensation was studied by carring out 
the reaction at 298, 323, 373 and 393 K over HTrh1.5-40 as a catalyst. The obtained results 
are summarized in Table 18. As can be seen, at room temperature the reaction efficiency 
was low. The conversion of HMF reached 9% with 22% selectivity towards the desired 
product (1). Nevertheless, a further increase in temperature to 323 K provoked a 
considerable increase in selectivity up to 66% with a conversion of 62%. Consequently, 
higher temperatures facilitated the condensation reaction since the dehydration step is more 
favorable at higher temperature. Accordingly, a reaction temperature of 373 K proved to be 
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suitable for the aldol condensation of HMF with acetone over rehydrated HT providing a 
complete conversion of HMF with a maximum selectivity to (1) of 78%. 
 
Table 18 Influence of the temperature on the reaction with HMF/catalyst=4.5 [g/g] and 5 h of reaction time. 
Temperature 
K 
HMF-conversion 
% 
Yield of (1) 
% 
Yield of (2) 
% 
Selectivity to (1) 
% 
298 9 2 0 22 
323 62 41 5 66 
373 100 78 8 78 
393 100 77 9 77 
 
 
3.4.7. Recycling of rehydrated HT catalysts 
Solid catalysts allow an easy separation from the reaction mixture. Furthermore, with 
regard to an industrial application not only separation but also regeneration and 
recyclability play a crucial role. Therefore, experiments were conducted to study the 
reusability of the HT catalysts. After carrying out the aldol condensation of HMF and 
acetone using HTrh1.5-40 as catalyst, the spent catalyst was filtered off, washed with 
acetone, dried and applied in the next aldol condensation reaction. However, the material 
was catalytically inactive. The deactivation of the catalyst can be explained by adsorption 
of the reaction products blocking the active sites on the catalyst surface. Accordingly, a 
color change of the material from white to dark orange confirmed the strong adsorption. 
This was confirmed by TGA which revealed a strong mass loss of 36% with an exothermic 
peak at around 620 K (Figure 3.29). 
To reactivate the spent catalyst, HTrh1.5-40 was first calcined at 723 K in air in order to 
remove the carbonaceous deposits and then rehydrated to create OH- groups mandatory for 
the reaction. Following this procedure, recycling experiments were performed at 373 K for 
1 h. As evident from Figure 3.30, the catalyst exhibited reasonable stable activity being 
recyclable for up to four cycles. Therby, constant conversions of 51%-53% with a 
productivity of about 0.0137 mol gcat-1 h-1 were observed.  
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Figure 3.29 TG-DTA of HTrh1.5-40 after aldol condensation reaction. 
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Figure 3.30 Recycling of HTrh1.5-40 at 373 K for 1h with HMF/catalyst=4.7 [g/g]. 
 
3.5. Aldol condensation between HMF and acetone over spinel oxide 
catalysts 
3.5.1. Spinel oxides  
Packings of spheres having occupied tetrahedral and octahedral interstices usually occur if 
atoms of two different elements are present, one of which prefers tetrahedral coordination, 
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and the other octahedral coordination. This is a common feature of spinels. The spinel 
structure is named after naturally occurring mineral spinels, i.e magnesium aluminate 
(MgAl2O4). Generally, spinels have the composition AB2X4 where A and B are transition 
metals.226 Most spinels are oxides. However, there exist also sulfides, selenides, halides 
and pseudohalides.227 In spinel oxides, the cubic spinel crystal lattice is based on a face 
centered cubic (fcc) packing of oxygen atoms, as shown in Figure 3.31.226 In, ,,normal” 
spinels the metal atoms A, generally in a +2 oxidation state, occupy 1/8 of the tetrahedral 
holes, while the B atoms, generally +3, occupy 1/2 of the available octahedral holes 
(Figure 3.31).226 Since tetrahedral holes are smaller than octahedral holes, the A ions 
should be smaller compared to the B ions.227 Nevertheless, this condition is not fulfilled in 
many spinels. In addition to the ,,normal” spinel arrangement, it is also possible that half of 
the B ions occupy tetrahedral sites and the other half occupies octahedral sites while the A 
atoms occupy the remaining octahedral sites. This spinel arrangement is reffered to as 
,,inverse” spinel structure.227  
 
 
Figure 3.31 The cubic unit cell of spinel oxides; The A atoms occupy tetrahedral sites and B atoms occupy 
octahedral sites.228 
 
Due to the ability of transition metals to adopt multiple oxidation states, binary oxides 
formed from these metals can also adopt a spinel structure, as demonstrated by Co2O3 and 
Fe3O4. Table 19 gives some examples of spinels according to the oxidation states of their 
metal ions. 
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Table 19 Examples of spinel types227  
Combination of 
oxidation state Normal spinels Inverse spinels 
II, III MgAl2O4 MgIn2O4 
II, III Co3O4 Fe3O4 
IV, II GeNi2O4 TiMg2O4 
II, I ZnK2(CN)4 NiLi2F4 
 
In addition, intermediate states between normal and inverse spinels are also possible and 
they are characterized by the degree of inversion λ.228 It can vary from λ=0 (normal spinel) 
to λ=1 (fully inverse spinel). The value of λ is temperature dependent.227 For example, at 
room temperature MgFe2O4 has λ=0.45 and thus is essentially inverse. 
In recent years, nanostructured spinel-type oxides have attracted considerable attention as 
catalytic materials. Among various spinels, especially aluminates were found to be good 
candidates because of their high thermal stability, hydrophobicity, outstanding mechanical 
robustness and low surface acidity.229 Furthermore, they exhibit strong resistance to acids 
and alkalis and have high melting points. It is also known that some aluminate spinels tend 
to prevent sintering of noble metals due to strong metal-support interactions.230 These 
properties make them interesting as refractory materials, pigments, catalysts and catalyst 
supports for active metals to substitute more traditional material systems.231  
Usually, spinels are prepared by calcination of suitable precursors at high temperatures 
which are necessary to achieve sufficient crystallinity of the materials. 232 On the other 
hand such high temperatures may result in materials of low specific surface area limiting 
their application. Promising alternative methods to achieve high specific surface area 
spinels are coprecipitation, hydrothermal and sol-gel synthesis. 233 However, to prevent a 
contamination of the products by cations of the precipitants or organic residues of the 
precursor is challenging. Recently, Schüth et al. developed an alternative activated carbon 
route for the synthesis of high-surface area materials that is versatile and can be used for 
the synthesis of binary oxides, spinel oxides and perovskites.234 This facile hard templating 
route relies on the impregnation of activated carbon with highly concentrated metal salt 
solutions and subsequent calcination to burn off the carbon. The spinel catalysts used in the 
investigated reaction were synthesized following this method as described in 6.1.5.1. 
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3.5.2. Characterisation of spinel catalysts  
X-ray diffraction patterns of the spinel materials represented in Figure 3.32 exhibit defined 
Bragg reflections characteristic of a spinel phase formation. Furthermore, narrow 
reflections emphasize the successful formation of highly crystalline oxides. Particle sizes 
calculated based on the line broadening of the XRD reflections using Scherrer equation 
reveal 6 nm crystallite diameter for MgAl2O4, 8 nm for CoAl2O4 and 16 nm for ZnAl2O4, 
respectively. 
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Figure 3.32 XRD patterns of CoAl2O4 (a), ZnAl2O4 (b) and MgAl2O4 (c). 
 
TEM was used to study the morphology of the ternary oxides. Typical TEM images of the 
pure spinels are depicted in Figure 3.33. From the morphologies it can clearly be seen that 
highly crystalline nanometer-sized ternary oxides were obtained as confirmed by XRD. 
Also, the particle sizes obtained by TEM correspond to those given above, as shown in 
Figure 3.33 with an approximate particle size of 7, 10 and 14 nm for MgAl2O4, CoAl2O4 
and ZnAl2O4, respectively. 
 
a b c
 
Figure 3.33 TEM images of MgAl2O4 (a), ZnAl2O4 (b) and CoAl2O4 (c). 
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In order to further characterize the mesoporous structure of the materials, nitrogen 
physisorption measurements were performed. Figure 3.34 illustrates the N2-sorption 
isotherms of MgAl2O4, CoAl2O4 and ZnAl2O4. The isotherms are typical of type-IV 
isotherms (IUPAC classification)235 with a nitrogen uptake at low relative pressures and a 
closed and well-defined hysteresis loop around a relative pressure of 0.6 – 0.8 p/p0 
characteristic of materials with mesoporosity. The BET surface areas of MgAl2O4, 
CoAl2O4 and ZnAl2O4 are 149, 224 and 96 m2/g, respectively. The materials possess a 
broad pore size distribution with average mesopore diameters of 9 nm, 8.2 nm and 9.4 nm 
together with 0.34 cm3/g, 0.46 cm3/g and 0.22 cm3/g pore volume for MgAl2O4, CoAl2O4 
and ZnAl2O4, respectively (Table 20). 
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Figure 3.34 The N2-adsorption/desorption isotherms of ZnAl2O4 (a), MgAl2O4 (b) and CoAl2O4 (c).  
 
Table 20 Textural properties of spinel catalysts.  
Sample SBET m2/g Vp cm3/g dp nm 
MgAl2O4 149 0.34 9.0 
CoAl2O4 224 0.46 8.2 
ZnAl2O4 96 0.22 9.4 
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The stability of the ternary oxides was examined by TGA. The results are displayed in 
Figure 3.35. Thereby, the same thermal behavior for all three samples was observed. TGA 
reveals that the materials possess comparable thermal stability in a wide temperature range 
from 373 K to 1073 K with a small, negligible weight loss of about 5%. 
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Figure 3.35 TGA curves of the spinel materials. 
 
3.5.3. Catalytic performance of spinel catalysts 
Table 21 summarizes the results obtained for the aldol condensation of HMF with acetone 
at optimum reaction conditions. A complete conversion of HMF was obtained after 7 h of 
reaction time at 413 K. When MgAl2O4 was used as catalyst the maximum total yield of 
aldol products (1) and (2) reached 92%. Thereby, a high selectivity towards the desired 
product (1) of 81% was observed. ZnAl2O4 enabled slightly lower yields of 86% with 
selectivity to (1) of 76%. A comparable result was obtained in the reaction conducted over 
CoAl2O4 which reached 80% of total product yield and a selectivity of 70% towards target 
product (1). In all cases the formation of the minor product (2) was around 10%. The 
competitive self-condensation reaction of acetone to MO took place to a very limited 
extent (below 1% yield). To estimate the maximum possible formation of MO,  
self-condensation of acetone was performed at the same reaction conditions in the presence 
of MgAl2O4 as a catalyst. Hereby, the maximum yield of MO reached 5%. The suppression 
of MO formation in the presence of HMF demonstrates that the coupling between a ketone 
(acetone) and an aldehyde (HMF) is much faster compared to the coupling between two 
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ketones. This can be attributed to a stronger adsorption of the aromatic compound on the 
catalyst compared to acetone, which reduces acetone self-condensation. In addition,  
self-condensation of acetone to DAA, as already discussed in section 3.4.3, is more 
favorable at lower temperature. Therefore, the consideration of MO has been omitted in the 
further study, owing to its negligible formation. Unclosed total carbon balance can be 
assigned to the formation of higher molecular weight compounds such as products derived 
from HMF oligomerization as observed in the reactions over HTs. 
 
Table 21 Catalytic performance of the synthesized spinels in the aldol condensation of HMF and acetone at 
optimized reaction conditions (413 K; 7 h, HMF/catalyst = 2 [g/g]). 
Catalyst Selectivity to (1) % Selectivity to (2) % HMF-conversion % 
MgAl2O4 81 11 100 
CoAl2O4 70 10 100 
ZnAl2O4 76 10 100 
Ru/CoAl2O4 71 9 100 
Cu/MgAl2O4 80 10 100 
 
With the aim of estimating the catalytic activity of the investigated spinels, the aldol 
reaction was stopped after 30 min to ensure incomplete reaction, since at full conversion a 
fair comparison of the catalysts is not possible. The obtained results are listed in Table 22. 
As can be seen, the conversion over ZnAl2O4 and CoAl2O4 is considerably lower compared 
to MgAl2O4. Thus, the initial rate increased from 2.10x10-4 mol min-1 g-1 for ZnAl2O4 to 
7.38x10-4 molmin-1g-1 for MgAl2O4. In the latter case, the products yield reached 59% with 
a selectivity of the desired product (1) as high as 89%. According to the results of Table 22 
activities of these catalysts can be ranked as follows: MgAl2O4> CoAl2O4> ZnAl2O4. 
Table 22 Initial reaction rates obtained for different spinel catalysts after 30 min reaction time (413 K, 
HMF/catalyst = 4.5 [g/g]). 
Catalyst Reaction rate Selectivity to (1) Selectivity to (2) HMF-conversion 
  10-4 mol min-1 gcat-1 % % % 
MgAl2O4 7.38 89 6 60 
CoAl2O4 4.21 77 9 47 
ZnAl2O4 2.10 85 5 19 
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3.5.4. Correlation between catalytic activity and basic properties of the spinel 
catalysts 
In order to investigate the basic properties of the spinel catalysts and to better understand 
their catalytic behaviour TPD using CO2 as a probe molecule was conducted. The  
TPD-CO2 results depicted in Figure 3.36 suggest that several binding sites are available on 
the nonuniform surface of spinel catalysts. Thus, all spinel materials show complex 
desorption profiles which are due to the presence of a variety of basic sites of different 
strength, as already discussed in section 3.4.3. The desorption peak of MgAl2O4 at around 
450 K can be attributed to CO2 interacting with Brönsted OH- groups on the spinel surface 
forming bicarbonate species, which are related to basic sites of low strength (Figure 
3.36A). The overlapping peaks in the temperature range from 700 K to 1100 K can be 
attributed to basic sites of medium strength such as Mg2+ -O2- or Al3+ -O2- pairs and base 
sites of high strength which involve free surface O2- anions. In the TPD-CO2 spectrum of 
CoAl2O4 the low-strength base sites are represented by a temperature peak at around 380 K 
(Figure 3.36B). The medium-strength base sites appear in the temperature range from  
420 K to 650 K while bands at higer temperature confirm the presence of high-strength 
base sites. A similar trend was observed for ZnAl2O4 with weaker OH- base sites 
represented by a low-temperature peak at 400 K (Figure 3.36C). Base sites of medium 
strength correspond to a peak at 550 K whereas the desorption peaks at higher 
temperatures indicate formation of different CO2 species related to base sites of high 
strength.  
As already verified by the reactions catalyzed over rehydrated HTs, the weaker Brønsted 
OH- base sites are active sites and thus decisive for the investigated aldol condensation. 
Interestingly, compared to Zn and Co aluminate, bicarbonate was the predominant species 
formed on MgAl2O4 indicating that Brønsted OH- groups are active basic sites responsible 
for its superior catalytic activity as shown in Table 22. Moreover, from the intensities of 
the TPD spectra it can be seen that the total amount of the CO2 desorbed on MgAl2O4 is 
much higher compared to Zn and Co aluminate. These measurements indicate that 
MgAl2O4 has predominantely weaker basic sites but possesses a significantly higher 
surface concentration of base sites compared to the other two spinels. Consequently, the 
difference in density of active base sites is reflected in the catalytic properties of this 
material as will be shown below. 
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Figure 3.36 TPD-CO2 spectra of MgAl2O4 (A), CoAl2O4 (B) and ZnAl2O4 (C). 
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3.5.5. Effect of the amount of spinel catalyst on the reaction  
The effect of the amount of catalyst on the conversion of HMF and the selectivity towards 
the target product (1) was studied by varying catalyst concentration at constant reaction 
conditions. The results are depicted in Figure 3.37. The observed results indicate that the 
amount of catalyst has a strong influence on both conversion and selectivity. In general, at 
higher catalyst concentration a higher conversion of HMF was observed. For example, at 
0.025 g MgAl2O4 32% conversion of HMF was obtained which increased up to 54% on 
increasing the amount of catalyst to 0.05 g. By further increase in the amount of catalyst to 
0.1 g, the conversion of HMF increased up to 92% (Figure 3.37A). A similar conversion 
trend was obtained for the other two spinel catalysts. Moreover, for all investigated 
materials variation of the catalyst concentration demonstrated an almost linear increase up 
to a conversion of ca. 90% emphasizing measurements in the kinetic region. Among 
different catalyst concentrations the highest selectivities towards the desired product (1) 
were reached in the reactions performed over Mg aluminate. Thus, a selectivity of 60% 
was obtained already at 0.025 g of MgAl2O4 (Figure 3.37B). Furthermore, as evident from 
Figure 3.37B, in the range from 0.025 g to 0.1 g of catalyst a progressive increase in 
selectivity was observed. However, the selectivity remained unchanged upon further 
increasing the catalyst amount from 0.1 g to 0.3 g. 
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Figure 3.37 Effect of the amount of catalyst on HMF-conversion (A) and selectivity towards (1) (B) at 412 K 
for 5 h. 
These observations can be ascribed to different concentrations of active OH- base sites on 
the spinel materials. Consequently, at different amounts of the catalyst used in the reaction 
also the number of active base sites varies. Thus, as the amount of catalyst decreases, the 
amount of active OH- base sites present for condensation reaction on the surface of the 
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catalyst also decreases and hence lower catalytic activity was observed. On the other hand, 
an explainable reason for the lower activity of the catalyst is strong adsorption of reactant 
molecules on the surface of spinel catalyst at lower catalyst concentration. Consequently, 
these block the active sites necessary for the reaction (see 3.5.8). Nevertheless, among the 
investigated catalysts, MgAl2O4 exhibited superior activity compared to the other two 
spinels even at lower amounts. Despite low amounts MgAl2O4 was still catalytically active 
due to a sufficient number of active sites since, as discernible from TPD spectra in Figure 
3.36A, MgAl2O4 possesses the highest density of basic sites.  
 
3.5.6. Effect of the reaction temperature 
In order to investigate the effect of the temperature, the aldol condensation over spinel 
oxides was performed at 323, 353, 373, 393 and 413 K. Table 23 summarizes the observed 
results which indicate that the operating temperature has an influence on both  
HMF-conversion and selectivity. At a temperature of 323 K a HMF-conversion of only 
33% and selectivity of 51% was reached in the case of CoAl2O4 while a slightly higher 
conversion of 41% and a selectivity of 58% were achieved over ZnAl2O4. A considerably 
higher conversion of 63% was achieved over MgAl2O4 with a selectivity of 65% towards 
the aldol product (1). Upon increasing the reaction temperature, conversion as well as 
selectivity increased. A reaction conducted at 373 K lead to a HMF-conversion of 72% and 
78% for ZnAl2O4 and CoAl2O4, respectively. At this operating temperature MgAl2O4 
allowed almost complete HMF-conversion of 97% and a maximum selectivity of about 
80%. The improved selectivity and complete conversion for the other two spinel catalysts 
was reached at a maximum reaction temperature of 413 K.  
An increase in temperature is accompanied by an increase in the reaction rate. 
Consequently, conversion as well as yield increase. For MgAl2O4 the reaction rate 
increased from 1x10-3 mol g-1 h-1 to 2x10-3 mol g-1 h-1 upon increasing operating 
temperature from 323 K to 373 K. A higher temperature implies a higher average kinetic 
energy of reactants and more collisions per unit time. In addition, the higher catalytic 
activity of MgAl2O4 compared to the other two spinels can be ascribed to a higher density 
of active OH- sites present on its surface. Therefore, using MgAl2O4 as a catalyst allows 
the aldol condensation reaction between HMF and acetone to be conducted at a relatively 
mild temperature of 373 K.  
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Table 23 Effect of reaction temperature on HMF-conversion and selectivity (HMF/catalyst=1.5 [g/g], 5 h) 
Catalyst Temperature K Yield (1)+(2) % Selectivity to (1) % HMF-conversion %
MgAl2O4 323 49 65 63 
 353 64 69 79 
 373 88 80 97 
 393 91 80 100 
 413 92 81 100 
     
CoAl2O4 323 20 51 33 
 353 42 59 62 
 373 59 65 78 
 393 77 70 96 
 413 80 70 100 
     
ZnAl2O4 323 27 58 41 
 353 39 63 55 
 373 56 68 72 
 393 75 71 91 
 413 86 76 100 
 
3.5.7. Effect of the specific surface area  
The specific surface area of the performing catalyst is an important aspect in the field of 
heterogeneous catalysis.236 To study the influence of the specific surface area on the aldol 
condensation reaction between HMF and acetone, spinel catalysts with different SBET were 
synthesized. Additionally, reactions over pure Al2O3 were also performed and the results 
are listed in Table 24. Spinel oxides with low SBET were obtained at higher calcination 
temperatures. Thus, increasing the calcination temperature from 823 K to 1023 K for Zn 
3. Aldol condensation rection between HMF and acetone 
 109
and Co aluminate the SBET decreased from 96 m2/g to 65 m2/g and from 224 m2/g to 92 
m2/g, respectively (Table 24). In the case of MgAl2O4 SBET decreased to 63 m2/g upon 
calcination at 1173 K (Table 24). In contrary, improvement in SBET of spinel catalysts was 
obtained by additional impregnation of tetraethyl orthosilicate (TEOS) during spinel 
preparation as described in 6.1.5.1. Thus, silica (SiO2), although present in small amounts, 
has an influence on the textural properties of the spinels. Consequently, the SBET increased 
up to 198, 165 and 231 m2/g for MgAl2O4, ZnAl2O4 and CoAl2O4, respectively (Table 24). 
As illustrated in Table 24, an increase in surface area increases the HMF-conversion and 
hence the rate of the reaction. Thus, the rate of reaction increased from 2.1x10-4 up to 
9.6x10-4 mol min-1 g-1 in the case of MgAl2O4. A significant increase of reaction rate was 
also observed for CoAl2O4. Here, the reaction rate increased from 1.8x10-4 mol min-1 g-1 to 
5.5x10-4 mol min-1 g-1. In contrary, ZnAl2O4 with a SBET of 65 m2/g was catalytically 
inactive. The same behavior was observed in the reaction catalyzed over pure Al2O3 with a 
SBET <1 m2/g. Nevertheless, upon increasing the SBET, the reaction rate increased from 
2.1x10-4 to 4.6x10-4 mol min-1gcat-1 for ZnAl2O4 and from 5.3x10-4 to 8.2x10-4 mol min-
1gcat-1 for Al2O3.  
Table 24 Textural properties of various spinels and Al2O3 and their catalytic activity at 413 K with 
HMF/catalyst=4.7; a commercial catalyst, b synthesized by the activated carbon route. 
Catalyst SBET  m2 g-1 
Reaction rate  
10-4 mol min-1 gcat-1 
HMF-conversion  
% 
MgAl2O4 63 2.1 27 
 149 7.38 60 
 198 9.6 82 
    
ZnAl2O4 65 0 0 
 96 2.10 19 
 165 4.6 40 
    
CoAl2O4 92 1.8 20 
 224 4.21 47 
 231 5.5 51 
    
Al2O3a < 1 0 0 
Al2O3b 198 5.3 52 
Al2O3b 334 8.2 78 
 
In addition, the diagram represented in Figure 3.38 demonstrates the correlation between 
conversion and relative surface area of the spinel catalysts calculated based on the amount 
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of the catalyst used. As can be seen, the conversion was significantly improved with 
increasing relative surface area of the spinel catalysts. Furthermore, among the examined 
spinels MgAl2O4 showed the best catalytic performance. The larger surface area of the 
catalyst facilitates the reaction to proceed faster since more simultaneous reactions can 
occure. Accordingly, the observed increase in reaction rates and conversion is due to a 
higer specific surface area that is accompanied by an increased number of available base 
sites. Additionally, taking into account that MgAl2O4 exhibits the highest concentration of 
Brønsted OH- sites, as evident from TPD spectra, its superior activity was confirmed. 
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Figure 3.38 Effect of relative surface area of different spinels on HMF-conversion at 413 K for 5 h. 
 
3.5.8. Recycling of spinel catalyst 
As already demonstrated, spinel materials showed high activity in the aldol condensation 
reaction between HMF and acetone reaching 70-81% selectivity towards the target product 
(1). Therefore, the possibility of catalyst recycling would be interesting and important. 
Thus, to investigate the reusability of spinels, recycling experiments with MgAl2O4 as a 
catalyst were performed at 373 K. Thereby, after reaction, spent catalyst was treated with 
the same procedure as previously described for the HTrh1.5-40 catalyst in section 3.4.7. 
After the reaction, MgAl2O4 was separated from the reaction mixture, washed with acetone 
and dried. However, as already observed with rehydrated HT catalyst, adsorbed products 
on the surface of MgAl2O4 catalyst had to be removed in order to ,,liberate’’ active base 
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sites. As the TG-DTA diagram represented in Figure 3.39 reveals, the catalyst loses ca. 
25% of its original weight. Furthermore, combustion of organic species is reflected as an 
exothermic effect with a maximum at around 600 K.  
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Figure 3.39 TG-DTA of MgAl2O4 used in the aldol condensation reaction. 
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Figure 3.40 Recycling of MgAl2O4 at 373 K for 30 min with HMF/catalyst=1.5. 
 
Nevertheless, a calcination temperature of 1023 K was sufficient to successful remove the 
adsorbed material since its combustion proceeds in the temperature range from 500 K to 
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800 K (Figure 3.39). The regenerated MgAl2O4 catalyst, as displayed in Figure 3.40, could 
be reused up to four cycles thereby retaining its activity with HMF-conversions of about 
47-49% and a productivity of 0.0043-0.0045 mol gcat-1 h-1. 
 
3.5.9. Determination of the reaction order and proposed reaction mechanism for the 
aldol condensation reaction between HMF and acetone 
Reaction kinetics or chemical kinetics deal with the study of rates of chemical processes. It 
includes investigations of how different experimental conditions can influence the speed of 
a chemical reaction. In previous sections it was demonstrated how the investigated reaction 
and reaction rate are governed by the type of catalyst (Lewis- or Brønsted-type), the 
amount of water present on the HT surface, the reaction temperature, the amount of 
catalyst and the specific surface area of the performing catalyst. In this section the reaction 
order of the aldol condensation of HMF with acetone was studied and determined by a 
method called ,,order with respect to time’’.237 
The herein investigated aldol condensation reaction between HMF and acetone can be 
described as follow: 
                                                                                                                                (1.3) 
where A is HMF, B represents acetone and P includes all possible products obtained in the 
reaction: desired product (1), minor product (2), H2O, and by-products.  
The rate law or rate equation which describes how the rate of reaction varies with the 
concentration of the reactants is given as follows:  
r=k[A]a[B]b                                                                                                                       (1.4) 
where r is the rate of reaction, k is the rate coefficient or rate constant, [A] is the 
concentration of HMF, [B] is the concentration of acetone, and the exponents a and b 
represent the order of the reaction with respect to A and B.  
In the aldol condensation of HMF and acetone, acetone is used both as substrate and 
solvent. Thus, acetone is available in excess, i.e. [B]>>[A], and the change of 
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concentration during the reaction can be neglected, i.e. Δ [B] ~ 0. This reducues the rate 
law to 
r=k[A]a                                                                                                                              (1.5) 
Accordingly, the reaction rate of the aldol condensation between HMF and acetone is only 
dependent on the concentration of HMF. Furthermore, the reaction is zero order with 
respect to B because the concentration of acetone does not affect the rate of reaction while 
one can assume that the reaction is first order with respect to A. Consequently, the reaction 
is first order overall. To verify this assumption experiments were performed where the 
concentration of HMF was monitored at various times during the reaction. The results are 
depicted in Figure 3.41A. The diagram shows an exponential decrease of the 
 HMF-concentration with respect to time which is a typical trend of a first order reaction. 
From the graph the estimated half-life t1/2 of the reaction, i.e timescale by which the 
concentration drops to one-half of its original value, is found to be 60 min. The half-life 
can also be derived from the differential form of the rate law for the first order reaction that 
is defined as follows: 
kdt
A
Ad 
][
][                                                                                                                      (1.6) 
Intergration of equation 1.6 for the time interval from 0 to t delivers the intergrated rate 
equation represented by equation 1.7: 
kt
A
A 
][
][ln                                                                                                                       (1.7) 
Taking into account that half-life is the time required for the concentration to drop to  
one-half its initial value, following relationship can be defined: 
0][2
1][ AA                                                                                                                         (1.8) 
Substitution of [A] in equation 1.7 by equation 1.8 provides:  
2/1
0
02
1
][
][ln kt
A
A                                                                                                                (1.9) 
Finally, solving the equation 1.9 for the half-life delivers the half-life equation for the first 
order reaction which is defined as follow: 
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k
t 2ln2/1                                                                                                                           (2.0) 
Knowing that t1/2 is 60 min and using equation 2.0, the rate coefficient k for the examined 
reaction was estimated to be 0.01155 min-1.  
Moreover, plotting the natural logarithm of the concentration of HMF with respect to time 
confirmed that the reaction is first order resulting in a linear graph, as shown in Figure 
3.41B, which is representative for first order reactions. Furthermore, the negative slope of 
the line corresponds to the rate constant –k. The value of k for a first order aldol 
condensation reaction of HMF with acetone estimated from the slope is found to be 
0.01185 min-1 which is in good accordance with the value of 0.01155 min-1 calculated from 
equation 2.0.  
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Figure 3.41 Kinetic analysis of aldol condensation between HMF and acetone: reaction profile (A) and plot 
of logarithms of HMF concentration against time for HMF disappearance (B); (373 K, MgAl2O4, 
HMF/catalyst = 1.5 [g/g]). 
 
The proposed mechanism for the aldol condensation between HMF and acetone is shown 
in Figure 3.42. The aldol condensation of HMF with acetone is a three step reaction that 
involves: 1) deprotonation, 2) nucleophilic addition and 3) dehydration. From the results 
obtained for HTs and spinel catalysts, it was confirmed that the Brønsted OH- groups are a 
prerequisite and hence the active base sites. Thus, the aldol condensation of HMF with 
acetone occurs on OH- basic sites in the first step by initial abstraction of the α-proton from 
acetone leading to the formation of intermediate carbanion species (I) (Figure 3.42). In the 
second step, the formation of a β-hydroxyl ketone (II), a second intermediate, takes place 
by the consecutive attack of the carbanion (I) to the aldehyde group of HMF. Finally, by 
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elimination of one water molecule from the unstable intermediate (II), the desired product 
(1) is formed. Additionaly, due to the symmetry of the acetone molecule further 
condensation with HMF is possible leading to the formation of the minor product (2). 
Furthermore, in acetone and HMF both carbonyl carbons are partially positively charged 
due to the difference in electronegativity between carbon (2.55) and oxygen (3.44). 
Nevertheless, the carbonyl carbon of acetone is stabilized due to a positive inductive effect 
of the methyl groups. Thus, the carbonyl atom of HMF is more reactive than that of 
acetone and therefore reacts rapidly with the carbanion of acetone (I) to give (II). 
According to this, one can assume that deprotonation and thus, the first step in the reaction 
is the slow, rate determining step whereas the second step is fast. 
 
M O
OH
M O
HOH
 
Figure 3.42 Proposed reaction mechanism for the aldol condensation reaction of HMF with acetone using 
rehydrated HTs or spinels as solid base catalyst.  
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3.6. Conclusions 
In this chapter, the solid base-catalyzed aldol condensation reaction of HMF and acetone 
has been explored. Hydrotalcites with different Mg/Al ratio and different spinel oxides 
have been synthesized and their performance has been evaluated.  
The reaction performed over HTs showed that additional activation procedures involving 
calcination and subsequent rehydration are necessary in order to design a suitable catalyst. 
The rehydration procedure is an important factor affecting the catalytic activity. This was 
demonstrated by the strict difference in catalytic performance as well as in CO2 adsorption 
of a thermally activated sample and a sample activated by rehydration. Consequently, 
Brønsted OH- groups present on the surface of HTrh, as verified by TPD-CO2 
mesaurements, found to be the active base sites. Nevertheless, the amount of water present 
in the HT catalyst has a strong influence on its catalytic activity. Besides generation of 
active base sites, the rehydration procedure led to disordering of the original HT structure 
and resulted in platelets that are randomly aggregated. In addition, materials with a smaller 
platelet size exhibited higher activity. Consequently, smaller platelets and an irregular 
structure provoked an increase in the number of available OH- base sites that was reflected 
in enhanced catalytic activity. 
Spinel catalysts confirmed the decisive role of OH- groups for the examined reaction. 
Thereby, the superior activity of magnesium aluminate compared to zinc and cobalt 
aluminate was confirmed due to its higher density of base sites as confirmed by basicity 
measurements. The importance of the basicity was demonstrated in reactions performed 
with different amounts of catalyst since higher amount of catalyst exhibits higher 
concentration of base sites. Consequently, it was found that the specific surface area effects 
the reaction and thus, the reaction rate increases with increasing specific surface area.  
Both HT and spinel catalysts showed good reproducibility. The reactions performed at 
different temperatures showed that aldol condensation requires higher operating 
temperatures that facilitate the dehydration and favour the equilibrium conversion to the 
desired unsaturated product. Further, it was determined that the reaction is first order and 
mechanism was proposed that involves a three step reaction.  
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4. Hydrogenation of HMF aldol product 
4.1. State of the art 
4.1.1. Catalysts for the hydrogenation reaction 
Hydrogenation represents a chemical reaction between molecular hydrogen and another 
element or compound. The dissociation of gaseous hydrogen into atoms is endothermic to 
the extent of 104 kcal mol-1 which partly accounts for its low reactivity.238 Therefore, the 
activation of molecular hydrogen is accomplished via different substances involving 
heterogeneous and homogeneous catalysts with former being of great importance for the 
chemical industry. Catalytic hydrogenation includes a large group of addition reactions of 
hydrogen at unsaturated bonds such as C=C, C≡C, C=O, C≡N, as well as hydrogenolysis 
(cleavage and reduction) of C-C, C-O, C-S and other bonds. The reduction of functional 
groups using complex hydrides such as sodium borohydride or lithium aluminium hydride 
is economical only an alternative to heterogeneously catalyzed hydrogenations for products 
with high profit margin and low annual production such as pharmaceuticals.  
Various metals show good activity in heterogenously catalyzed hydrogenation reactions. 
Among them, the most employed are Ni, Cu, Fe, Co and the platinum group metals Pd, Ru, 
Rh, Pt and Ir. Combination of these metals and other elements are also commonly used in 
order to alter the activity or other properties of the catalysts. Table 25 summarizes the 
currently most widespread catalysts used for the various hydrogenation processes. 
 
Table 25 Hydrogenation catalysts used in different processes.239 
Process Catalyst       
Hydrogenation of alkenes supported Ni, Cu, Pt, Pd, Ru and Rh  
Hydrogenation of alkynes supported Ni, Pd, Ni-Pd, Co-Pd and Cu-Pd  
Hydrogenation of aromatic supported Ni, Pd, Rh, Co-Mo and Raney Ni 
hydrocarbons     
Hydrorefining of motor fuels Ni, Ni-Mo, and Co-Mo on Al2O3 and kieselguhr 
Hydrogenation of carbonyl skeletal and supported Ni and Co,   
compounds supported Pd, Rh and Cu-Cr-O, Cu on kieselguhr 
Hydrotreating Ni-Mo, Ni-W, Co-Mo and Ru on Al2O3 and carbon 
 Mo and W carbides   
Hydrogenation of nitriles supported Ni, Pd and Pt   
Hydrogenation of CO and CO2 supported Ni, Cu, CoFe, Pt and Rh, Mo and W carbides 
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For industrial purposes, unsupported catalysts are seldomly employed with one exception 
in the case of Raney-type catalysts. The use of a support enables the active component to 
have a larger exposed surface area, which is particularly important in those cases where a 
high temperature is required to activate the active species. Unsupported catalysts appear to 
be more sensitive towards impurities which is also in line with observations that supported 
catalysts compared to unsupported catalysts are usually more resistant to poisons.240 
Moreover, as heterogenously catalyzed reactions take place on the surface of the catalyst, 
supporting the metals onto a carrier leads to a higher surface to bulk ratio (dispersion) of 
the material and therefore a higher availability of active sites per gram of the metal. The 
preparation method of the supported catalyst depends on the nature of the used metal as 
well as the characteristics of the support. Common supports are based on Al2O3, SiO2, 
TiO2 as well as zeolites and activated carbon. Furthermore, carbonates and sulfates of 
alkaline earth elements, such as CaCO3 and BaSO4, are often used as support for the 
preparation of Pd catalysts that are moderately active but more selective than those 
supported on activated carbon. The catalytically active metal particles may be formed or 
incorporated within a specific support in various chemical or physical processes. Among 
decomposition, adsorption and ion exchange, the most common preparation methods 
includes impregnation, precipitation and coprecipitation. As impregnation was used as a 
preparation method in this work it will be explained in more detail in the following. 
 
4.1.2. Supported metal catalysts via impregnation 
Impregnation is the simplest technique to prepare supported metal catalysts. The catalyst 
preparation is carried out by contacting the support with a solution containing the 
precursors of the active species. Thereby, metal precursors with thermally instable anions 
such as nitrates, acetates, carbonates and hydroxides are usually chosen.241 Two different 
approaches as illustrated in Figure 4.1 can be distinguished: wet impregnation and 
incipient wetness impregnation. In the former, the support is dispersed in a diluted solution 
of the precursor in order for the solute species to diffuse into the pores and to stay adsorbed 
at the pore walls after evaporation of the solvent. This method uses a volume of solution 
much larger than the pore volume of the support and hence results in low degrees of 
loading. Therefore, in order to achieve higher loadings this approach needs to be repeated 
several times.  
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Figure 4.1 Impregnation methods: wet impregnation and incipient wetness impregnation.242  
 
In this work incipient wetness impregnation also known as capillary impregnation was 
employed for the preparation of the hydrogenation catalysts. Here, the support is wetted 
with a solution of the precursor, drop by drop, such that the volume of the solvent 
corresponds exactly to the pore volume of the support. At the end of impregnation no 
excess solution remains outside of the pore space. Incipient wetness impregnation is 
mainly characterized by its exothermicity, by the capillary pressures developed in the pores 
and by the speed with which the pore space is filled.243 A strong release of heat, which 
usually has little effect on the quality of the impregnation, is caused by a considerable 
decrease in the free enthalpy of the system upon replecament of the solid-gas interface by a 
solid-liquid interface. The driving force of incipient wetness impregnation are capillary 
forces which lead to absorption of the metal precursor in the pores of the support. Thus, 
part of the air present in the pores will be imprisoned and compressed under the effect of 
capillary forces resulting in a pressure in the pores that may reach several MPa.243 The 
impregnation time depends on the imprisonment of air within the porosity and thus the 
elimination of this occluded air.243 The impregnation process is limited by the dissolution 
of the imprisoned and compressed air and its migration out of the solid. According to the 
Young-Laplace law the air bubbles located in the largest pores will disappear last since 
they are subjected to the lowest pressures.243 
After impregnation, the catalyst precursor is calcined in an oxidizing atmosphere to 
transform the metal precursor into the oxide of the corresponding metal. Finally, the 
catalyst is reduced to form the supported metallic catalyst active for catalysis. A schematic 
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representation of the preparation of metal supported catalysts via impregnation is displayed 
in Figure 4.2.  
Me-precursor (solution)
spinel (support); incipient wetness 
impregnation
Me-precursor/spinel
calcination; ΔT
Me-Oxide/spinel
reduction; ΔT; H2
Me/spinel  
Figure 4.2 Schematic representation of the preparation of metal supported catalysts via inciepient wetness 
impregnation. 
 
4.1.3. Mechanism of hydrogenation 
For the heterogeneous catalytic hydrogenation the accepted mechanism is the mechanism 
described by Horiuti and Polanyi.244 According to the Horiuti- Polanyi mechanism, 
activation of hydrogen results from a dissociative chemisorption leading to σ-bonded 
hydrogen (Figure 4.3, (1)). The carbon-carbon double bond first undergoes chemisorption 
at the active surface metal sites via its π-system with consequential rehybridization of the 
sp2 carbon atom orbitals to sp3, resulting in two σ-like catalyst-carbon bonds (Figure 4.3, 
(2)).245 The interaction between the metal active sites and the carbon-carbon double bond 
can be explained by electron transfer from the carbon-carbon π-orbitals into unoccupied  
d-orbitals enhanced by back-bonding due to a transfer of electrons from occupied metal  
d-orbitals into antibonding π-orbitals of the double bond.246 This molecular orbital theory 
is well known in the description of single metal-alkene complexes but can also be used for 
metal surfaces. Horiuti and Polanyi suggested that the activation/adsorption of both 
hydrogen and acceptor (unsaturated compound) is a reversible process followed by 
stepweise addition of the activated hydrogen.  
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(2)
(3)
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Figure 4.3 Horiuti-Polanyi mechanism.244 
 
4.1.4. Importance of hydrogenation 
The earliest utilized hydrogenation is that of platinum catalyzed addition of hydrogen to 
oxygen in the Döbereiner’s lamp, a device commerzialized in 1823. In the following years, 
the French chemist Paul Sabatier made an outstanding contribution to the studies of 
catalytic hydrogenation and thus is considered the father of hydrogenation processes. 
Already in 1897 he demonstrated that double bonds in light hydrocarbons could be 
hydrogenated with various metals, primarily nickel.247 In 1912 he was awarded the Nobel 
Prize “for his method of hydrogenating organic compound in the presence of finely 
disintegrated metals.”247 His discovery greatly facilitated the industrial use of 
hydrogenation. Consequently, the German chemist Wilhelm Normann patented in 1902 
and 1903 a liquid phase hydrogenation process for fats and oils which was one of the first 
commercial hydrogenation processes.248 The commercially important Haber-Bosch process 
which involves hydrogenation of nitrogen to ammonia was first applied on industrial scale 
in 1913.249 Today heterogeneously catalyzed hydrogenation processes are among the most 
valuable synthetic transformations known. They are used in the synthesis of (1) fine 
chemicals, (2) intermediates used in the pharmaceutical industry, (3) monomers for the 
production of various polymers and (4) fats and oils for producing edible and nonedible 
products. Among these processes the largest scale application of hydrogenation is found in 
the food industry for the processing of vegetable oils into solid or semi-solid fats. With 
hydrogenation, edible fat and oil products can be prepared with creaming capabilities, 
frying stability, sharp melting properties, etc. Moreover, a reason for hydrogenation is also 
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to increase the oxidative stability. Flavour stability is necessary to maintain product 
acceptability for prolonged periods after processing and for the use as an ingredient in a 
final product. Beside food industry, the oleochemical industry uses hydrogenations to 
produce detergents and many derivatives in different applications, e.g. in care products, in 
lubrification and as biodegradable solvents.250 Further, the preparation of sorbitol from 
glycose, for the industrial synthesis of Vitamin C, is another important example of 
hydrogenation. In the petroleum industry, numerous processes involved in the manufacture 
of gasoline and petrochemical products are based on hydrogenation.  
Nowadays, an important focus of research in chemistry includes the development of 
technologies that utilize a sustainably produced feedstock, especially in the transportaion 
fuel sector. Here, the overall goal of converting biomass to hydrocarbon fuels is the 
removal of oxygen combined with the formation of C-C bonds to control the molecular 
weight of the final hydrocarbons. These approaches require as little hydrogen from an 
external source as possible. For the production of renewable hydrogen from biomass two 
catalytic approaches can be employed. The most basic approach stems from the 
gasification platform, which can be combined with the water-gas shift reaction to favor 
hydrogen production from CO and H2O (Equation 1). The second approach is aqueous 
phase reforming of oxygenates, such as polyols (Equation 2 and 3). These processes can be 
considered analogs to the production of hydrogen by steam reforming of petroleum derived 
feedstocks. 
CO +H2O  CO2 +H2                                                                                                         (1) 
C3H8O3 + 3 H2O  3 CO2 + 7 H2                                                                                       (2) 
C6H14O6 + 6 H2O  6 CO2 + 13 H2                                                                                    (3) 
The initial converting processes of biomass through gasification, pyrolysis, liquefaction 
and hydrolysis can proceed without the input of hydrogen. However, hydrogen becomes a 
more critical issue in the second stage of biofuel production wherein the upgradeable 
platforms are transformed to liquid fuels. For example, bio-oils obtained by pyrolysis or 
liquefaction require extensive hydrodeoxygenation before used as a fuel. With respect to 
this, hydrogenation is one of the key reactions in the synthesis of biofuels obtained via 
upgrading of biomass derived platform chemicals. The best examples are LA and HMF or 
furfural and their transformation into potential biofuels is described in the following 
section. 
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4.1.5. Hydrogenation of biomass-derived platform chemicals 
LA can be hydrogenated to γ-valerolactone (GVL) an ideal liquid which can be used for 
the production of both energy and carbon-based consumer products (Figure 4.4).251 This 
reaction is carried out over both homogeneous and heterogenous catalysts using externl 
hydrogen pressures as well as formic acid as a hydrogen source.252 Recently, Horvath et al. 
reported that operating at 140 bars and 408 K for 8 h LA could be fully converted to GVL 
using a homogenous catalytic system such as Ru(acac)/PBu3/NH4PF6.253 Among 
heterogeneous catalysts, various metals have been reported, such as Pd, Pt, Ru, Cu, etc.254 
The highest yields of GVL (97%) have been obtained using Ru/C catalysts at 423 K and 
34.5 bar H2 using dioxane as a solvent.255  
 
 
Figure 4.4 Transformation of LA into biofuels via hydrogenation. 
 
Serrano-Ruiz et al. have demonstrated that GVL can be upgradet to C9 hydrocarbons.256 
GVL can be hydrogenated to pentanoic acid (Figure 4.4) with Pd/Nb2O5 at 598 K and 35 
bar pressure. Subsequently, pentanoic acid can be transformed to 5-nonanone by 
ketonization over Ce0.5Zr0.5O2. Finaly, via hydrogenation over Pd/Nb2O5 at 528 to 568 K 
and 60 bar 5-nonanone can be upgraded to nonane (Figure 4.4) which can be used as jet 
fuel or diesel blender.257  
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In 2010 Lange et al. reported a new family of biofuels so called “valeric biofuels”.38 
Herein, the key step reported for the first time involves hydrogenation of GVL to valeric 
acid (Figure 4.4) using a Pt/H-ZSM-5/SiO2 catalyst. 
Furthermore, LA can be transformed to MeTHF, a fuel extender and part of P-series fuels. 
A direct conversion of LA to MeTHF results in low yields.258 Thus, LA is converted to 
MeTHF via its intermediated GVL. GVL can be reduced to 1,4-pentanediol (Figure 4.4) 
over copper-chromit catalyst at 513 to 533 K and 200 bar pressure.258 In the presence of 
acids 1,4-pentanediol readily dehydrates forming MeTHF.259 High yields (ca. 63kg of 
MeTHF for 100kg of LA at 513 K and 100 bar) have been reported by the U.S. Pacific 
Northwest National Laboratory using a bimetallic catalyst (Pd(5%)Re(5%)/C).33 
 
In this PhD work the strategy for achiving a potential biofuel relys on three steps: (1) 
conversion of carbohydrates to HMF, a chemical platform, involving partial removal of 
oxygen; (2) catalytic upgrading of HMF by aldol condensation and (3) final hydrogenation 
of the aldol condensation products.  
In literature several studies on the hydrogenation of biomass-derived condensation 
products, particularly those observed based on HMF or furfural (Figure 4.5), have been 
reported. First investigations were pioneered by Dumesic et al.39 The condensation 
products were transformed into liquid alkanes with a number of carbon atoms ranging from 
C7 to C15 over bifunctional catalysts such as Pt/SiO2-Al2O3 and Pt/NbOPO4 by 
dehydration/hydrogenation using aqueous phase reforming processes. In 2010 Chatterjee et 
al. reported the production of linear alkanes via dehydration/hydrogenation of  
4-(furan-2-yl)but-3-en-2-one (FFA, Figure 4.5) in supercritical carbon dioxide.260 A high 
selectivity (99%) toward n-octane was obtained over Pd/Al-MCM-41 at 353 K, for 4 h at 
140 bar CO2 and 40 bar H2 pressure. In a study of Xu et al. FFA was first reduced to C8 
polyols over a Pt/Co2AlO4 catalyst at 413 K and 10 bar H2.261 Subsequently, the 
dehydration/hydrogenation of the polyols over Pt/NbOPO4 at 448 K and 25 bar H2 
delivered n-octane with up to 76% yields.  
Nevertheless, the condensation products are extensively oxygenated and hence their 
conversion to alkanes requires large amounts of hydrogen. The intermediate hydrogenation 
products of FFA , such as for example 4-(2-tetrahydrofuryl)-2-butanol (THFA, Figure 4.5), 
are also of great interest since they can be used as potential biofuels and blending agents.  
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Leitner et al. demonstrated a selective deoxygenation and ring opening reaction which 
avoid the over-hydrogenation to the alkanes.262 In a two-step one-pot process the target 
products 1-octanol and 1,1-dioctyl ether (Figure 4.5) were obtained with 49% and 44% 
yield, respectively. Thereby, FFA was first hydrogenated to THFA at 393 K for 2 h and 
120 bar H2 in the presence of Ru/C. Subsequently, the ionic liquid [BSO3BIM][NTf2] as 
acidic additive and solvent [EMIM][NTf2] were added. Treating the reaction mixture at 
423 K with 120 bars H2 for 45 h delivered 1-octanol and 1,1-dioctyl ether as biogenic 
platform chemicals. The same autors reported that in hydrogenation of THFA ruthenium 
nanoparticles stabilized in the ionic liquid (Ru@[BSO3N888][NTf2]) is an active catalyst 
which after 15 h at 393 K and 120 bars H2 yields up to 75% of 2-butyltetrahydrofuran 
(BTHF, Figure 4.5), a potential fuel additive.262 In a earlier study of Xu et al. the fully 
hydrogenated product THFA was obtained with 75% selectivity at 393 K for 10 h and 40 
bar H2 using Pd/Co2AlO4 as a catalyst.263 In the research group of Prof. Leitner THFA was 
obtained with up to 95% selectivity within 2 h at 393 K and 120 bar H2 pressure.264 
Therby, hydrogenation was catalyzed by ionic liquid-stabilized Ru-nanoparticles 
(Ru@[C12MIM][BTA]). 
 
Figure 4.5 Hydrogenation of biomass-derived condensation products into biofuels. 
 
4.2. Scope of this chapter 
In this section the catalytic hydrogenation of the HMF aldol product (1) was investigated. 
Thereby, bifunctional catalysts which can catalyze both aldol condensation and subsequent 
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hydrogenation were designed. Accordingly, various metal supported catalysts including the 
noble metals Pd, Pt and Ru as well as the non-noble metals Ni and Cu were synthesized 
using spinel oxides as support. The product distribution with respect to the catalyst 
employed has been explored. Possible reaction pathways have been discussed and 
determined. Furthermore, a transfer hydrogenation utilizing isopropanol as hydrogen donor 
was conducted as an alternative to the classical hydrogenation using molecular hydrogen. 
 
4.2.1. Hydrogenation of HMF aldol product over commercial catalysts 
The aldol product (1) features different functionalities. Besides an alcohol group, it 
contains a furan ring, a C-C double bond and a carbonyl (keto) group (Figure 4.6). In the 
presence of hydrogen each of these unsaturated moieties can be reduced. Moreover, some 
functional groups can be preferentially hydrogenated than the others. In addition, 
hydrogenolysis or cleavage of the C-O bond can occure. Figure 4.6 illustrates possible 
hydrogenations products obtainable from (1) highlighting the challenge associated with the 
development of selective catalysts and processes for this application.  
 
 
Figure 4.6 Possible hydrogenation products derived from (1). 
 
The first investigations on the hydrogenation of (1) were performed in the presence of 
commercial supported noble metal catalysts such as Pd/Al2O3, Pt/Al2O3, Ru/C and Rh/C. 
As a solvent for the hydrogenation reaction isopropanol was chosen due to the good 
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solubility of H2 in this solvent. Furthermore it offers the possibility for a transfer 
hydrogenation. All commercial catalysts were active in the hydrogenation of (1) with 
conversions of more than 99% after 7 h reaction time at 413 K and 50 bar hydrogen 
pressure. However, the product distributions differed depending on the catalyst as it is 
shown in Table 26. 
 
Table 26 Hydrogenation of (1) over commercial catalysts in 10 mL isopropanol at 413 K for 7 h; a overnight. 
Catalyst 
 
Product yield % 
               2          3          4         5           8 
5% Pd/Al2O3                /          85         /          8           / 
5% Pd/Al2O3a                /          91         /          5           / 
5% Pt/Al2O3              73         11        10         /           / 
5% Ru/C                /           /           /        89           / 
5% Rh/C                /           /           /         73         20 
 
Using Pd/Al2O3 the main product with 85% yield was the partially hydrogenated 
compound (3) whereas Pt/Al2O3 yielded (2) with 73% as well as small amounts of (3) and 
(4). The highest selectivity was reached over Ru/C which enabled a formation of the fully 
hydrogenated product (5) with 89% yield. Comparable results were obtained in the 
hydrogenation reaction catalyzed over Rh/C which delivered 73% of (5). In addition, this 
reaction was accompanied by hydrogenolytic cleavage of the C-O bond yielding 20% of 
(8).  
TEM pictures of the commercial Pd/Al2O3, Pt/Al2O3 and Ru/C are represented in Figure 
4.7. They show a homogeneous distribution of metal particles with a size of 2-5 nm for 
palladium, 1-3 nm for ruthenium and 2-5 nm for platinum. Despite a homogeneous 
distribution and a small particle sizes the keto group remained intact in the case of 
Pd/Al2O3 as well as Pt/Al2O3. To understand the product distribution achieved over 
different catalysts it is important to mention that the aldol product (1) obtained in the aldol 
condensation belongs to the class of α,β-unsaturated ketones. It has been reported that 
palladium is a poor catalyst for the reduction of aliphatic, dialkyl ketones to secondary 
alcohols.265 Breitner et al. investigated the hydrogenation of MIBK and the α,β-unsaturated 
ketone MO using 5%Pd/C. In both cases, no reduction of the carbonyl group was observed. 
They claimed that the failure of palladium to hydrogenate these ketones is due to an 
exceptionally strong adsorption of the ketone. If ketones were added dropweise instead of 
all at once the hydrogenation is possible but proceeds at a very slow rate.  
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Among the investigated catalysts Ru/C and Rh/C showed highest selectivity to (5) which 
can be related to their ability to promote the hydrogenation of many functional groups and 
ring systems.  
a b c
 
Figure 4.7 TEM images of Pd/Al2O3 (a), Ru/C (b) and Pt/Al2O3 (c). 
 
4.2.2. Hydrogenation of (1) over Pd, Pt and Ru supported on spinels 
The nanometer-sized spinel oxides used in the aldol condensation feature high specific 
surface area. Thus, these materials are suitable as a support to enable a dispersion of the 
metal over the surface of the spinel. Consequently, this dispersion results in a bigger 
exposed catalytic surface area of the metal. As in section 3.5.3 described, spinels showed 
high efficiency in the aldol condensation of HMF with acetone. Therefore, considering 
their high selectivity to the aldol product (1) the goal was to design a selective bifunctional 
catalyst which could promote both aldol condensation and the subsequent hydrogenation 
reaction.  
Cobalt as well as zinc are capable to perform hydrogenation reactions. Unsupported cobalt 
as well as Co dispersed on different supports such as Al2O3, TiO2, SiO2, MgO and carbon 
was reported as a catalyst for the hydrogenation of CO.266 Hölderich et al. reported that 
zinc oxide is a selective catalyst for the hydrogenation of aromatic carboxylic acids to the 
corresponding aromatic aldehydes which are important intermediates in organic 
chemistry.267 
In order to test the hydrogenation ability of the spinel materials hydrogenation reaction of 
(1) in isopropanol at 413 K for 7 h and 50 bar hydrogen pressure was conducted over 
CoAl2O4 and ZnAl2O4 spinels. However, the spinel catalysts were inefficient in the 
hydrogenation of the aldol product (1) and hence no hydrogenation products were 
observed.  
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The synthesis of supported noble metals Pd, Pt and Ru on the spinels was accomplished by 
an incipient wetness impregnation method and subsequent reduction of the metal 
precursors as described in the experimental section. The N2-measurements of supported 
spinels showed that the specific surface area is not affected by the metal loading suggesting 
that there is no modification to the pore structure upon metal deposition. The XRD pattern 
of Pt/ZnAl2O4 shows beside characteristic reflections of ZnAl2O4 additional reflections at 
2θ= 18.0°, 19.8°, 29.7°, 35.1° and 36.6° confirming the presence of Pt0 particles on the 
spinel (Figure 4.8c). Also Ru0 particles dispersed on CoAl2O4 showed the corresponding 
reflections as evidenced in Figure 4.8a. In the case of Pd/ZnAl2O4 the XRD pattern showed 
no diffractions corresponding to palladium indicating a high dispersion of Pd on the 
material (Figure 4.8b).  
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Figure 4.8 XRD patterns of Ru/CoAl2O4 (a), Pd/ZnAl2O4 (b) and Pt/ZnAl2O4 (c). 
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The TEM images prove that the loading of the metal has no effect on the morphology of 
the spinels and indicate a homogenous distribution of Pt and Pd particles on the support 
with particle sizes of 0.5-3 nm and 5-15 nm for Pt and Pd, respectively (Figure 4.9c and 
4.9a). In the case of Ru/CoAl2O4, the particles with a size of 5-10 nm were rather 
heterogenously distributed over CoAl2O4 (Figure 4.9b).  
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Figure 4.9 TEM images of Pd/ZnAl2O4 (a), Ru/CoAl2O4 (b), Pt/ZnAl2O4 (c) and Pd/Polyphenylene (d). 
It should be emphasized that in the condensation reaction of HMF with acetone the 
bifunctional catalysts represented here showed comparable activity to pure spinels as 
shown in Table 21 (section 3.5.3.). These results indicated that the metal loading has no 
influence on the basic properties of the spinel catalysts providing that the metal supported 
spinels are suitable catalysts for both aldol condensation and subsequent hydrogenation 
reaction. 
After aldol condensation, residual acetone was removed by rotary evaporation and the 
subsequent hydrogenation was continued by adding 10 mL isopropanol and pressurizing 
the system with 50 bar hydrogen pressure. Table 27 summarizes the results of the 
hydrogenation obtained over bifunctional Pd/ZnAl2O4, Pt/Znal2O4 and Ru/CoAl2O4 
catalysts. Thereby, the product distribution was comparable to that obtained over 
commercial catalysts. Among the investigated bifunctional catalysts Ru/CoAl2O4 showed 
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the highest activity delivering the fully hydrogenated product (5) with a high selectivity of 
85%. In contrary, a hydrogenation of (1) catalyzed by Pd/ZnAl2O4 stopped after forming 
(3) although relatively small Pd particles were evenly distributed in the mesoporous spinel. 
The same compound was obtained when Pd supported on polyphenylene was employed as 
a catalyst (Table 27). As evidenced from Figure 4.9d one could expect a high activity of 
this catalyst due to small Pd particles of 5 nm diameter and the even distribution over the 
polymer support. Indeed, Pd/Polyphenylene was active in the hydrogenation of the C-C 
double bond and the furan ring delivering (3) with 86% selectivity. Nevertheless, the 
results obtained over Pd/ZnAl2O4 and Pd/Polyphenylene confirmed that Pd is incapable to 
reduce the carbonyl group and thus it is not the catalyst of choice for the hydrogenation of 
the α,β-unsaturated ketone (1). Also Pt/ZnAl2O4 showed a comparable behaviour to 
commercial Pt/Al2O3. Furthermore, there is an energy difference of the C-C double bond 
with respect to the C=O bond. Thus, the energy of the C-C double bond (615 kJmol-1) is 
smaller than that of the C=O bond (715 kJmol-1).268 Therefore, if both double bonds are 
adsorbed on the metal surface, hydrogenation of the olefinic bond is kinetically favored 
and hence occurs at a much faster rate. This preferential formation of (2) and (3) is 
confirmed by the results reported in Table 26 and 27. Furthermore, Pietropaolo et al. 
reported that addition of tin to Pt/nylon has a positive effect on the hydrogenation of a C=O 
group.268 They claimed that the effect of Sn ions is reletaed to their acidic properties which 
activate the C=O group by enhancing the positive charge on C=O carbon atom. In addition, 
they suggested that the formation of Sn-Pt solid solution increases the electron density on 
the platinum sites leading to chemisorbed hydrogen having a stronger negative charge.  
 
Table 27 Hydrogenation of (1) over bifunctional spinel catalysts and Pd/Polyphenylene in 10 mL 
isopropanol at 413 K for 7 h and 50 bar hydrogen pressure. 
Catalyst 
 
Product distribution % 
                              2          3          4         5 
5% Pd/ZnAl2O4                               /          77         /         10 
5% Pt/ZnAl2O4                              86         /           6          / 
5% Ru/CoAl2O4                               /           /           /         85 
5% Pd/Polyphenylene                               /          86         /           / 
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4.2.3. Investigation of the course of the hydrogenation reaction 
The hydrogenation of (1) can proceed through two different pathways which are illustrated 
in Figure 4.10. Path A involves hydrogenation of the acyclic C-C double bond as a first 
step resulting in the formation of 4-(5-(hydroxymethyl)furan-2-yl)butan-2-one (2). In the 
following second step 4-(5-(hydroxymethyl)tetrahydrofuran-2-yl)butan-2-one (3) is formed 
via hydrogenation of the furan ring. Finally, subsequent hydrogenation of the keto group 
produces 4-(5-(hydroxymethyl)tetrahydrofuran-2-yl)butan-2-ol (5) as a final product. The 
alternative pathway B includes the hydrogenation of the keto group as a first step forming 
4-(5-(hydroxymethyl)furan-2-yl)but-3-en-2-ol (2b). The following hydrogenation of the  
C-C double bond yields 4-(5-(hydroxymethyl)furan-2-yl)butan-2-ol (4) which is after 
hydrogenation of the furan ring converted to (5). 
 
Path A
Path B
 
Figure 4.10 Possible reaction pathways in hydrogenation of (1). 
 
To gain deeper insight into the hydrogenation of different functional groups in the aldol 
product (1), the reaction was performed at 373 K at 50 bar hydrogen pressure over the 
Ru/CoAl2O4 catalyst for 30, 60 and 120 min. As Figure 4.11 displays, the hydrogenation of 
(1) proceeds via consecutive reactions. At first the hydrogenation of the C-C double bond 
occurs resulting in the formation of (2). With prolonged reaction time also the ring 
becomes saturated forming a ketone (3). Finally, the hydrogenation of the carbonyl group 
facilitates formation of (5) which at the optimum reaction conditions can be selectively 
obtained as a main product (Table 27). The observed results confirm that the 
hydrogenation reaction proceeds via path A through reaction species 1 2 3 5. This is 
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in accordance with the predictions made by Assary et al. who claimed that the reduction of 
the keto group as a first step is thermodynamically less favorable with a calculated 
enthalpy change of the reduction process (12b) being -10.7 kcal mol-1.269  
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Figure 4.11 Hydrogenation of (1) over Ru/CoAl2O4 and observed product distribution. 
 
4.2.4. Recycling of Ru/CoAl2O4 
Since ruthenium showed highest selectivity towards the fully hydrogenated product (5) 
among the examined supported noble metal catalysts its stability and recyclability were 
studied. For this purpose, the hydrogenation reaction of (1) was performed at 413 K for 7 h 
and 50 bar hydrogen pressure. After each catalytic run the catalyst was filtered off, washed 
with acetone, dried and applied in a subsequent hydrogenation cycle. As illustrated in 
Figure 4.12, over all four recycling runs the activity of Ru/CoAl2O4 remained stable 
resulting in comparable selectivity to (5) of 81-85%. Furthermore, no Ru in the reaction 
solution was detected by EA indicating that there was no leaching of Ru during the 
reaction.  
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Figure 4.12 Recycling of Ru/CoAl2O4 at 423 K, 50 bar H2 for 7 h reaction time. 
 
4.2.5. Hydrogenation of (1) over noble metal free catalysts 
With up to 38 200 $ kg-1 and 13 500 $ kg-1 platinum and ruthenium belong to the most 
expensive precious metals.270 Due to their hydrogenation abilities their utilization in 
catalytic hydrogenations is broad. As well as noble metals, copper and nickel are known to 
be able to activate hydrogen molecules and are used as hydrogenation catalysts. Although 
the hydrogenation activity is generally lower than that of noble metals, the much lower 
price (7 $ kg-1 for copper and 15 $ kg-1 for nickel)271 and the higher resistance to poisoning 
by trace impurities make non-noble metal catalysts practically important. With respect to 
this, supported nickel and copper catalysts were designed as alternative to the previously 
described noble metal catalysts. 
The formation of Ni/MgAl2O4 and Cu/MgAl2O4 was confirmed by XRD as demonstrated 
in Figure 4.13. Reflections at 2θ= 19.9°, 22.9°, 32.8 and 38.3° indicate the presence of Ni0 
particles on the spinel surface (Figure 4.13A) while additional reflections at 2θ= 43.9°, 
51.0° and 74.9° correspond to Cu0 (Figure 4.13B).  
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Figure 4.13 XRD patterns of Ni/MgAl2O4 (A) and Cu/MgAl2O4 (B). 
 
As the distribution of metal particles is concerned, TEM images revealed that nickel 
particles with a uniform size of <5 nm were homogeneous distributed on the spinel support 
(Figure 4.14a). The TEM picture of Cu/MgAl2O4 shown in Figure 4.14b, also confirmed a 
homogeneous distribution of Cu particles with an estimated size of 15 nm. However, also 
large copper agglomerates with up to 40 nm were formed. This is not so unexpected since 
copper is known for its agglomeration behaviour. In addition, EA confirmed nickel and 
copper loading of 4.8wt.% and 4.7wt.% respectively which is in well agreement with the 
utilized metal concentration. 
 
a bb
 
Figure 4.14 TEM images of Ni/MgAl2O4 (a) and Cu/MgAl2O4 (b). 
 
4. Hydrogenation of HMF aldol product 
 136
To investigate the activity and selectivity of Ni/MgAl2O4 and Cu/MgAl2O4 catalysts, the 
hydrogenation of (1) was performed in isopropanol for 7 h and with 50 bar hydrogen 
pressure. The results are summarized in Table 28. Both catalysts were active in the 
hydrogenation of the α,β-unsaturated ketone (1) which at operating conditons was 
completely consumed. At 413 K the aromatic diol (4) was obtained as main product with 
selectivities of 71% and 78% for Ni/MgAl2O4 and Cu/MgAl2O4, respectively (Table 28). 
Additionally, in the reaction catalyzed over Ni/MgAl2O4 12% of product (2) remained 
unreduced confirming again the course of hydrogenation via path A.  
Table 28 Results obtained in the hydrogenation of (1) over Ni/MgAl2O4 and Cu/MgAl2O4. 
Catalyst 
 
Temperature K 
 
        Product distribution % 
                   2           4          5         7 
5% Ni/MgAl2O4 413                   12         71         /          / 
5% Cu/MgAl2O4 413                    /           78         /          7 
5% Ni/MgAl2O4 473                    /            /         80         / 
5% Cu/MgAl2O4 473                    /            9          /         84 
 
At elevated temperature the product distribution changed. In the case of Ni/MgAl2O4 an 
increase of the reaction temperature up to 473 K facilitated the formation of the fully 
hydrogenated product (5) with a selectivity of about 80%. Furthermore, in comparison to 
Ru/CoAl2O4, Ni/MgAl2O4 facilitated a comparable selectivity towards (5) and hence 
represents a cheaper alternative to the noble metal catalyst.  
In the presence of Cu/MgAl2O4 at identical reaction conditions, hydrogenolysis of the 
primary alcohol occurred resulting in formation of (7) with up to 84% selectivity. The 
change in the product distribution for both catalysts is related to the temperature change 
and the fact that the non-noble metals require higher operating temperature in order to 
achieve their full efficiency. As Figure 4.15 displays, at 373 K (4) was found to be main 
product with 69 % selectivity. A further increase of the reaction temperature initializes the 
C-O bond cleavage delivering the deoxygenated product (7) as a main product at a reaction 
temperature of 473 K and 513 K. Accordingly, it can be concluded that the hydrogenation 
of (1) on the Cu/MgAl2O4 catalyst proceeds via consequtive as well as parallel reaction 
pathways that involve hydrogenation of the C-C double bond followed by the reduction of 
the carbonyl group as well as deoxygenation of the C-O bond. 
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Figure 4.15 Hydrogenation of (1) over Cu/MgAl2O4 and the observed product distribution. 
 
At all temperature ranges Cu/MgAl2O4 results in a preferential deoxygenation of the C-O 
bond of the primary alcohol compared to hydrogenation of the aromatic ring. This 
selectivity is typical for copper catalysts which are known for their high efficiency toward 
C-O bond hydro-deoxygenation.272 Moreover, this result is also in good agreement with the 
conclusion that the adsorption of the furan ring is not favored on the Cu surface. In a study 
of Sitthisa et al. DFT calculations gave evidence for a strong repulsion of the furan ring on 
the Cu surface presumably due to the overlap of the 3d band of the surface Cu atoms and 
the anti-bonding orbital of the aromatic furan ring.273 
Commercial copper-based catalysts such as copper chromite (CuCr2O4•CuO), 
CuO/ZnO/Al2O3, Raney copper and copper oxides were also investigated in the 
hydrogenation reaction (Table 29). All materials allowed complete conversion of (1) but 
demonstrated different product distributions. For example, copper chromite, which is 
known for hydrogenolysis and decarboxylation reactions274, delivered (7) as a main 
product. Also, a catalyst utilized in industrial methanol synthesis275 CuO/ZnO/Al2O3 found 
to be active reaching up to 80 % yield of (7). In contrast, a commercial copper oxides 
showed poor selectivity towards the formation of (7) but enabled a partial hydrogenation to 
products (4) and (6).  
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Table 29 Results obtained in the hydrogenation of (1) over commercial copper catalysts. 
Catalyst Selectivity to (7) % 
CuCr2O4•CuO 77 
CuO/ZnO/Al2O3 80 
Cu2O - 
CuO 16 
Raney copper 82 
Cu/MgAl2O4 84 
 
Under operating conditions the reduction of CuI and CuII to Cu0 occurs but might be 
influenced by the catalyst composition as well as the catalyst support.272 Additionally, 
experiments with Raney copper and Cu/MgAl2O4 fully reduced to Cu0 before reaction 
allowed an efficient transformation of (1) to (7), further emphasizing the role of Cu0 in the 
reaction. Also the XRD mesuarments of Cu/MgAl2O4 after the hydrogenation reaction 
verified the presence of Cu0. Nevertheless, further studies are certainly needed to clarify 
the active species under reaction conditions as well as the impact of the copper surface and 
the support materials on activity and selectivity in the hydrogenation of the HMF aldol 
product (1).  
The hydrogenation products (4), (5), and (7) which could be obtained with high 
selectivities over solid bifunctional catalysts represent interesting biomass-based 
compounds. They have potential to serve both as chemicals and biofuels. Their boiling 
points of about 644, 627 and 552K276 are in the range with that of diesel and thus make 
them attractive as potential diesel fuels or additives.38 Consequently, substituted furan (9), 
an analog to DMF, is an interesting candidate as potential biofuel. Unfortunately, 
Cu/MgAl2O4 was incapable to achieve a C-O cleavage of the secondary alcohol from (7) 
which may be attributed to the different activities of primary and secondary hydroxyl 
group and hence different conversion mechanisms. The selective C-O cleavage of the 
primary alcohol and with it the selective formation of (7) on Cu/MgAl2O4 is in good 
accordance with observations found for the most popular C-O hydrogenolysis reaction, the 
catalytic hydrogenolysis of glycerol. Here, the possible hydrogenolysis products are  
1,2-propanediol, 1,3-propanediol and ethylene glycol. Among various catalysts, copper 
containing materials showed highest selectivity to 1,2-propanediol indicating again the 
preferentialy cleavage of the primary alcohol group.277 Furthermore, in copper catalyzed 
reactions no formation of 1,3-propanediol were observed.277 
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Recently, Hanefeld et al. demonstrated that a catalytic system of Pt/Al2O3 with a 
silicotungstic acid additive converted glycerol selectively to 1,3-propanediol (28% 
selectivity at 49% conversion) via a two-step dehydration-hydrogenation reaction.278 Also, 
Leitner et al. showed that Ru catalysts stabilized in acidic ionic liquid promoted 
dehydration of secondary alcohol group.262 
Therefore, further studies will focus on the selective formation of the biomass-derivative 
(9). Thereby, one strategy involves addition of molecular or solid acids to promote 
selective dehydration of the secondary alcohol without further ring-opening hydrogenation. 
Although challenging but more desirable would be design of a multifunctional metal 
catalyst bearing base as well as acidic groups which can provide activity for aldol 
condensation and subsequent dehydration/hydrogenation reaction. 
 
4.2.6. Transfer hydrogenation of (1) over Cu/MgAl2O4 
 
The possibility to achieve reduction with the aid of an organic molecule as the hydrogen 
donor in the presence of a catalyst is a process known as catalytic transfer hydrogenation. 
At the beginning, catalytic transfer reactions have been relatively under utilized. The early 
pioneering work by Braude et al. was largely ignored because of poor yields and long 
reaction times.279 On the other hand, the successful exploitation of molecular hydrogen and 
hydrides for the reduction of organic compounds has been another reason for the under 
utilization of transfer reductions.  
Compared to the classical hydrogenation using molecular hydrogen, transfer hydrogenation 
has potential advantages. Molecular hydrogen is a gas of low molecular weight and exhibit 
high diffusibility. Further, it can be easily ignited and presents considerable hazards, 
especially on the large scale. In contrary, the use of hydrogen donors precludes these 
difficulties since no gas containment is necessary and thus no pressure vessels are needed 
and simple stirring of the solution is usually all that is required. 
Hydrogen possesses an electronegativity of 2.1 and lies between fluoride (4.0) and many 
metals with typical values of about 0.9-1.5. Therefore, in reactions involving its transfer, 
hydrogen may appear as an atom, proton or hydride depending on reagents and reaction 
conditions. For suitable hydrogen-donor properties, the best hydrogen donors are 
compounds containing hydrogen bonded to elements or groups with similar 
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electronegativity to that of hydrogen itself. In this respect, formic acid and formates, 
phosphorus acid and phosphites, hydrazines, cyclic ethers (THF), alcohols (benzyl alcohol, 
isopropanol, methanol), hydrocarbons and amines are hydrogen donors in catalytic transfer 
hydrogenations.280  
A number of different catalysts have been utilized for catalytic hydrogen transfer reactions. 
In the homogeneous transfer reductions both salts and complexes of Pd, Pt, Ru, Ir, Rh, Fe, 
Ni and Co have been employed as suitable catalysts.281 Generally, the most active catalysts 
are found to be the salts and complexes of Pd, Ru and Rh. As a less expensive metal and 
thus as an alternative to these noble metals a complex molybdenum compound was also 
reported as possible homogeneous transfer catalyst.282 Among Ru, Pt, Ni and Rh the most 
active catalysts for heterogeneous transfer reductions are based on palladium (e.g. 
Palladium black, Pd/C, Pd/CaCO3, Pd/BaSO4).281  
Hydrogen transfer reduction processes are attracting increasing interest in the field of 
synthetic chemistry in view of their operational simplicity and high selectivity. The most 
significant advances have been recently achieved in the asymmetric transfer hydrogenation 
of unsaturated compounds.283 The asymmetric hydrogenation facilitates the introduction of 
new functionalities and new stereogenic elements into the structure of the organic 
compound and thus provides a good opportunity for the preparation of a variety of organic 
products of biological interest featuring diverse functional groups. For example, optically 
active amines and secondary alcohols which are of great importance in the area of 
pharmaceuticals and advanced materials can be obtained with high enantioselectivity via 
asymmetric transfer hydrogenation.283  
 
In this PhD study, the transfer hydrogenation of (1) was carried out in a 36 mL stainless 
steel autoclave over night at 518 K using Cu/MgAl2O4 as catalyst and isopropanol as a 
source of hydrogen. During the reaction isopropanol becomes a supercritical fluid, where 
distinct liquid and gas phase do not exsist.284 At the triple point of the chemical compound, 
solid, liquid and vapor phase can be distinguished (Figure 4.16). Upon temperature and 
pressure increase along the vapor-liquid equilibrium curve, both phases coexist. With a 
further temperature and pressure increase according to the phase boundary curve, the liquid 
becomes less dense due to the temperature increase while the vapor phase becomes more 
dense due to the increase in pressure. Accordingly, with a further increase in temperature 
and pressure the phases become less and less distinguishable. Finally, at one point on the 
boundary curve only one phase is present in the system. This point is called the critical 
4. Hydrogenation of HMF aldol product 
 141
point and the new phase is referred as the supercritical fluid phase which possesses a 
mixture of the properties of the liquid and gas phase. 
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Figure 4.16 Temperature-pressure phase diagram of a single substance.285 
 
The critical temperature and pressure for isopropanol are 507 K and 47 bar.286 Under 
reaction conditions isopropanol is converted into acetone thereby releasing H2. This results 
in a pressure increase of up to 70 bar. Transfer hydrogenation delivered (7) as final product 
with up to 77 % selectivity, which is in well agreement with the results obtained previously 
applying molecular hydrogen as a hydrogen source.  
 
4.2.7. Recycling of Cu/MgAl2O4 
Performing the hydrogenation reaction of (1) at 473 K for 7 h and at 50 bar H2 pressure the 
recycling of the noble metal free Cu/MgAl2O4 catalyst was investigated. After the first 
reaction run the catalyst was filtered off, washed, dried and used for a subsequent 
hydrogenation cycle. As depicted in Figure 4.17, the fresh catalyst reached complete 
conversion of (1) with 80 % selectivity to the desired product (7). In the following 
recycling runs, the conversion of (1) remained unchanged but the selectivity towards (7) 
decreased. According to XRD measurements, the structure of the Cu supported spinel 
remained intact after four consecutive runs. However, elemental analysis showed that the 
Cu loading decreased from 4.7wt.% to 3.8wt.%. Furthermore, TEM images revealed 
4. Hydrogenation of HMF aldol product 
 142
sintering of the copper particles with a size of the agglomerates >50nm which 
consequently influences the final selectivity of the catalyst.  
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Figure 4.17 Recycling of Cu/MgAl2O4 at 473 K, 50 bar H2 for 7 h reaction time. 
 
4.3. Conclusions 
In this chapter, the subsequent hydrogenation of the HMF aldol product (1) has been 
explored. Different catalysts including supported precious as well as non-noble metals 
were synthesized using mesoporous oxide spinels as support. Among noble metal catalysts, 
Ru/CoAl2O4 showed highest selectivity (85%) towards the fully hydrogenated product (5) 
while palladium supported catalysts deliverd (3) and thus were incapable in the 
hydrogenation of the carbonyl group. Analysis of the hydrogenation activity revealed that 
the reaction catalyzed by Ru/CoAl2O4 proceeds in the following order: C=C > ring 
hydrogenation > C=O. Furthermore, Ru/CoAl2O4 showed good stability and recyclability. 
To the best of our knowledge, this is the first study on the hydrogenation of (1) over noble 
metal free catalysts such as Ni/MgAl2O4 and Cu/MgAl2O4. Ni/MgAl2O4 demonstarted 
comparable activity and selectivity (80%) to (5) providing a cheaper alternative to the 
noble metal catalyst Ru/CoAl2O4. On the other hand, Cu/MgAl2O4 showed high selectivity 
for the C-O bond cleavage of the primary alcohol delivering (7) as a main product with up 
to 84% selectivity. Moreover, Cu/MgAl2O4 was successfully employed in a transfer 
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hydrogenation using isopropanol as hydrogen source delivering as well (7) as main product 
in selectivities of up to 77%. 
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5. Final remarks 
Renewable biomass resources have potential to serve as a sustainable supply of chemicals 
and fuels. The challenge for the effective utilization of these sustainable resources is to 
develop cost-effective processes to transform highly functionalized carbohydrate moieties 
into value-added chemicals. HMF, one of the most important chemical platforms, can be 
transformed into valuable products via a great number of reactions. The transformation of 
HMF via aldol condensation and a selective hydrogenation can provide a wide range of 
potential bio-based fuels. In this thesis, the catalytic transformation of saccharides into 
HMF and its further upgrading to potential biofuel targets were explored.  
The acid-catalyzed dehydration of sugars to HMF was conducted in a H2O/MeTHF  
two-phase solvent system over novel sP-STY-DVB catalysts. They feature tunable acidity 
of up to 5 mmol g-1, specific surface areas of up to 500 m2 g-1 and cover a wide range of 
cross-linker of up to 80% DVB. To identify factors governing the desired reaction and thus 
the final selectivity towards HMF, the influence of the catalyst properties on the 
dehydration of fructose was investigated. It was found that in the catalytic process the 
primary and decisive role plays the synergy of both the acid site density and the degree of 
crosslinking. In general, the conversion of fructose as well as the selectivity towards HMF 
increases with increasing density of acid sites. In addition, the DVB content determines the 
swelability of the polymers, the diffusion through the polymer matrix and with it the 
accessibility of the acid sites. Accordingly, sP-STY-DVB-9, a catalyst with low  
cross-linker content (4% DVB) and high density of acid sites of 5 mmol g-1 facilitated the 
highest selectivity towards HMF of 78% at complete fructose conversion. Furthermore, 
alternative feedstocks such as sucrose and inulin could also be successfully transformed to 
HMF in a one-pot reaction.  
In the following chapter, the solid base-catalyzed aldol condensation of HMF and acetone 
has been investigated. Mg-Al hydrotalcites with different Mg/Al molar ratios have been 
prepared via a coprecipitation method and their catalytic activity in the desired reaction has 
been evaluated. The activity of Mg-Al HTs and their derived materials can be ranked as 
follows: Mg-Al HTrh > Mg-Al HTcalc > Mg-Al HTas. Thus, the rehydration was found 
necessary to design an active catalyst which exhibits Brønsted OH- groups as active base 
sites. However, it has to be noticed that the role of the water in this catalytic process is 
complex. It reacts with the solid catalyst to produce base sites and it is also one of reaction 
products. Therefore, an optimum amount of water for the rehydration process has been 
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studied. A determined water content of 40wt.% avoids the blocking of the active sites and 
facilitates high selectivity towards the desired condensation product. 
Nanometer-sized spinel oxides MgAl2O4, ZnAl2O4 and CoAl2O4 with high surface areas of 
149, 96 and 224 m2 g-1, respectively, were synthesized by an activated carbon route. The 
catalytic experiments confirmed the decisive role of OH- groups and revealed the following 
order of activity: MgAl2O4 > CoAl2O4 > ZnAl2O4. Herein, the higher activity of MgAl2O4 
could be attributed to the higher density of available Brønsted base sites. Moreover, high 
surface area spinels were used as a support for the synthesis of multifunctional catalysts. It 
was found that the metal loading has no influence on the structure, porosity and basic 
properties of the catalysts. Accordingly, these bifunctional spinel catalysts allowed an 
integration of aldol condensation and hydrogenation as a two-step one-pot reaction. 
Spinel supported noble as well as non-noble metals were prepared by an incipient wetness 
impregnation method. Depending on the catalyst employed, different product distributions 
were achieved. For example, highly active and recyclable Ru/CoAl2O4 enabled a high 
selectivity towards the fully hydrogenated product. Herein, the hydrogenation reaction is 
found to proceed in the following order: C=C > ring hydrogenation > C=O.  
In this thesis, the first study on the hydrogenation of a HMF aldol product over noble metal 
free catalysts was demonstrated. Thereby, Ni/MgAl2O4 proved to be as highly selective as 
Ru/CoAl2O4 while Cu/MgAl2O4 facilitated a high selectivity towards an interesting and 
previously unreleased product with potential to serve as biofuel or fuel additive. In view of 
future biorefinery concepts, a transfer hydrogenation reaction was explored and could be 
successful utilized in a Cu/MgAl2O4-isopropanol catalytic system. 
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6. Experimental 
6.1. Materials preparation 
6.1.1. Preparation of mesostructured materials 
6.1.1.1. Preparation of SBA-15 mesoporous silica 
Hexagonal ordered mesoporous SBA-15 was synthesized following the literature.287  
SBA-15 was prepared under acidic conditions using triblock copolymer poly(ethylene 
oxide)-poly(propylene oxide)-poly(ethylene oxide) (Pluronic 123) as a structure directing 
agent. First, 27.8 g of Pluronic 123 was dissolved in 504 g of distilled water and 15.5 g of 
HCl (37%). After a clear solution was obtained, tetraethyl orthosilicate (TEOS) was 
quickly added into the mixture by stirring at 308 K. The mixture was stirred at 308 K for 
24 h, followed by a hydrothermal treatment at 363 K for 24 h. The white precipitate was 
filtered off, washed with acetone and distilled water and dried overnight at 363 K. After 
that, samples were calcined at 823 K for 6 h. 
6.1.1.2. Preparation of supported SiWA and PWA on SBA-15 
HPAs were supported onto SBA-15 by impregnation method. In a typical synthesis, 1 g of 
SBA-15 was impregnated with an aqueous solution of HPA (1 g of HPA dissolved in 0.88 
mL of distilled water). The samples were dried for 1 h at 363 K and finally calcined at 523 
K, 623 K, 723 K and 823 K. 
6.1.1.3. Preparation of propylsulfonic acid-functionalized SBA-15 (SBA-15-
(CH2)3SO3H) 
Pluronic 123 (8 g) was dissolved with stirring in 118 g of disstiled water and 23.4 g of HCl 
(35%). The clear solution was divided into four equal volumes (each 35 g) and heated to 
313 K. Subsequently, to each solution TEOS (2.36 g) was quickly added and the mixtures 
were stirred at 313 K for 45 min. Then, (3-mercaptopropyl)trimethoxysilane was added to 
the each solution (0.121 g, 0.238 g, 0.352 g and 0.492 g) and the mixtures were stirred at 
313 K for 24 h followed by a hydrothermal treatment at 373 K for 24 h. The white 
precipitates were filtered off, washed with ethanol, distilled water and dried overnight in 
vacuum oven at 323 K. The surfactant (Pluronic 123) was removed by refluxing in ethanol 
for 24 h. The dried solids were oxidized by H2O2 (20 equiv.) at room temperature for 24 h. 
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Finally, solids were washed with water until the pH of the water was neutral and then dried 
at 373 K.  
6.1.1.4. Preparation of 2-ethylphenylsulfonic acid-functionalized SBA-15 (SBA-15-
(CH2)2PhSO3H) 
Pluronic 123 (4 g) was dissolved with stirring in 100.3 g of disstiled water and 24.7 g of 
HCl (35%). After a clear solution was obtained, TEOS (7.71 g) was added quickly and the 
solution was stirred at 313 K for 45 min. Then, the clear solution was divided into four 
equal volumes and 2-(4-Chlorosulfonylphenyl)ethyltrimethoxysilane was added under 
stirring to each solution (0.20 g, 1.20 g, 1.80 g and 2.40 g) which were heated at 313 K for 
24 h followed by a hydrothermal treatment at 373 K for 24 h. The white precipitates were 
filtered off, washed with ethanol, distilled water and dried overnight in vacuum oven at 
323 K. The surfactant (Pluronic 123) was removed by refluxing in ethanol for 24 h. The 
dried solids were oxidized by H2O2 (20 equiv.) at ambient temperature for 24 h. Finally, 
solids were washed with water until the pH of the water was neutral and then dried at  
373 K.  
6.1.2. Preparation of sulfonated polystyrene-co-divinylbenzene resin catalysts  
(sP-STY-DVB) 
The acidic resin catalysts were prepared by Felix H. Richter.  
The porous polymer-based catalysts with a high concentration of sulfonic acid sites are 
synthesized in two steps: the porous copolymers are made via nanocasting288 and 
subsequently sulfonated. A 2.8wt.% solution of radical initiator  
2,2’-azodi(2-methylbutyronitrile) in the desired ratio of monomers styrene and 
divinylbenzene is impregnated into dry silica gel calculated to a filling of 80% of the pore 
volume. Polymerisation occurred inside the pore system at 348 K for 48 h in a closed 
stainless steel reactor. The silica template was removed with NaOH solution (1M; 
H2O/EtOH, 1:1) during 48 h for the polymers with DVB≥25% and with 10% hydrofluoric 
acid solution during 2 h at ambient temperature for the polymers with DVB<25%. The 
pure polymers were filtered off, washed with water and ethanol and dried in vacuum oven 
overnight at 323 K. Finally, the polymers were sulfonated by suspension during 1 h at 
ambient temperature either in concentrated H2SO4 (conc.H2SO4, 95-97%) or in 30% 
oleum, respectively. Intermediate degrees of sulfonation were achieved using mixtures of 
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30% oleum and conc.H2SO4. The final solids were washed extensively with water until the 
pH of the water was neutral and then dried and kept in vacuum oven at 323 K.  
6.1.3. Preparation of Mg-Al hydrotalcites 
Mg-Al hydrotalcites were prepared via coprecipitation method at low supersaturation.289 
For the sample with Mg/Al ratio of 2.0, an aqueous solution (A) of Mg(NO3)2x6H2O 
(0.187 mol) and Al(NO3)3x9H2O (0.093 mol) in 187 mL distilled deionized water was 
prepared. The solution A was added dropweise into a second solution (B) containing 
NaOH (0.437 mol) and Na2CO3 (0.112 mol) in 187 mL distilled deionized water, in around 
3 h under vigorous stirring at room temperature. Subsequently, the reaction mixture was 
aged at 338 K for 16 h. The white precipitate was filtered off, washed extensively with 
water until the pH of the filtrate was neutral and finally dried overnight at 373 K. The 
hydrotalcite samples with Mg/Al ratio of 1.5 nad 2.5 were synthesized as per above 
procedure having appropriate amounts of Mg(NO3)2x6H2O and Al(NO3)3x9H2O. The 
hydrotalcite samples were activated at 723 K for 4 h in a muffle furnace. The solid material 
was then cooled and stored under vacuum. The rehydration of the hydrotalcites was carried 
out by direct addition of water on the calcined hydrotalcite just before reaction.  
6.1.4. Preparation of MgO 
In a typical procedure, 6 g of corn starch was added to 9 mL of 3.83 mol·L-1 Mg(NO3)2 
aqueous solution under stirring. The mixture was then transferred to an oven and heated up 
to 823 K at a heating rate of 4 K·min-1. After remaining at this temperature for 1 h, 1.33 g 
of the MgO product was obtained. 
6.1.5. Preparation of spinel oxides  
6.1.5.1. Preparation of MgAl2O4, ZnAl2O4 and CoAl2O4 
The pure spinel oxides were prepared by an activated carbon route.234 In a typical 
synthesis, a mixture of concentrated metal nitrate solution with the ratio of M3+ : M2+ =2:1 
(Table 30) was added to 10 g of carbon (Rütgers/CarboTech, BET surface area of 1650 
m2/g and pore volume of 0,79 cm3/g). Impregnation was performed under vigorous stirring 
for 20 minutes. The impregnated carbon was directly placed in a porcelain dish in a box 
oven and heated to the desired calcination temperature (823 K for ZnAl2O4 and CoAl2O4; 
1023 K for MgAl2O4) for 4 h with the heating rate of 4 K min-1. The mesoporous ZnAl2O4, 
CoAl2O4 and MgAl2O4 with BET s.a. of 96, 224 and 149 m2g-1 were obtained. The spinel 
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oxides with BET s.a. 63, 65 and 92 m2g-1 for MgAl2O4, ZnAl2O4 and CoAl2O4 respectively 
were obtained after calcination of impregnated carbon at 1023 K for ZnAl2O4 and CoAl2O4 
and 1173 K for MgAl2O4. 
In the synthesis of ZnAl2O4, CoAl2O4 and MgAl2O4 with BET s.a. of 165, 231 and 198 
m2g-1 SiO2-carbon composite instead of pure carbon was used. For the synthesis of  
SiO2-carbon composite, a mixture of 3.4 mL TEOS and 10 mL ethanol was impregnated 
on 17 g carbon (Rütgers/CarboTech) and calcined at 623 K at a heating rate of 4 K min-1. 
The impregnation of concentrated metal nitrate solution on SiO2-carbon composite and 
final calcination proceeded with the same procedure as described above.  
 
Table 30 Metal nitrate solution used in the synthesis of spinel oxides 
Spinel 
Al(NO3)3x9H2O(2.43M) 
               mmol 
Mg(NO3)2x6H2O(3.83M) 
                mmol 
Zn(NO3)2x6H2O(4.06M) 
                mmol 
Co(NO3)2x6H2O (3.75M) 
                 mmol 
MgAl2O4 11.5 5.7 - - 
ZnAl2O4 12.18 - 6.0 - 
CoAl2O4 11.25 - - 5.6 
 
6.1.6. Preparation of Al2O3 
In a typical procedure, to synthesize Al2O3 with different BET surface area, 10 g of carbon 
(Rütgers/CarboTech) was impregnated with 7 ml of concentrated aluminium nitrate 
solution (2.43M) under vigorous stirring. After the impregnated carbon was calcined in a 
muffle furnace at 823 K and 1123 K respectively (heating rate 4 K min-1) Al2O3 with BET 
s.a. of 334 m2g-1 and 198 m2g-1 was obtained. 
6.1.7.  Preparation of supported metal catalysts 
6.1.7.1. Preparation of Pd/ZnAl2O4 
A mixture of 1.5 mL Zn(NO3)2x6H2O (4.06M), 5 mL Al(NO3)3x9H2O (2.43M) and 0.355 
mL Pd(NO3)2x4NH3 solution (5wt.% in water) was impragnated on 10 g carbon 
(Rütgers/CarboTech) and calcined at 823 K for 4 h at a heating rate of 4 K min-1. After 
reduction under hydrogen atmosphere at 473 K for 2 h desired catalyst was obtained. 
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6.1.7.2. Preparation of Pt/ZnAl2O4 
A mixture of 1.5 mL Zn(NO3)2x6H2O (4.06M), 5 mL Al(NO3)3x9H2O (2.43M) and 212.8 
mg of K2PtCl4 was impragnated on 10 g carbon (Rütgers/CarboTech) and calcined at  
823 K for 4h at a heating rate of 4 K min-1. Desired catalyst was obtained after reduction 
under hydrogen atmosphere at 473 K for 2 h.  
6.1.7.3. Preparation of Ru/CoAl2O4 
A mixture of 1.5 mL Co(NO3)2x6H2O (3.75M) and 4.63 mL Al(NO3)3x9H2O (2.43M) was 
impregnated on 10 g carbon. Subsequently, a solution containing 0.208 g 
Ru(III)acetylacetonate dissolved in 3 mL of THF was impregnated on carbon and calcined 
at 823 K for 4 h at a heating rate of 4 K min-1. Finally, catalyst was reduced under 
hydrogen atmosphere at 623 K for 3 h. 
6.1.7.4.  Preparation of Ni/MgAl2O4 
A mixture of 1.5 mL Mg(NO3)2x6H2O (3.83M), 4.73 mL Al(NO3)3x9H2O (2.43M) and 
247.8 mg Ni(NO3)2x6H2O was impregnated on 10 g carbon and calcined at 823 K for 4 h 
at a heating rate of 4 K min-1. Final reduction under hydrogen atmosphere at 873 K for 2 h 
gave desired catalyst. 
6.1.7.5. Preparation of Cu/MgAl2O4 
Cu(NO3)2x6H2O (162.5 mg) was dissolved in 0.340 mL of distilled water and impregnated 
on 1 g of MgAl2O4. To achieve an active catalyst, impregnated spinel was reduced under 
hydrogen atmosphere at 523 K for 3 h. 
6.1.7.6. Preparation of Pd/Polyphenylene 
This catalyst was prepared by Dr. Feng Wang. 
A mixture of 1,2,4,5-tetrabromobenzene (153 mg, 0.39 mmol) and 1,4-benzene diboronic 
acid (129 mg, 0.78 mmol) in dimethylformamide (12 mL) was degassed by three  
freeze–pump–thaw cycles. To the mixture was added an aqueous solution of K2CO3 (2.0 
M, 1.5 mL) and tetrakis(triphenylphosphine)-palladium(0) (45 mg, 39 μmol). The mixture 
was degassed by three freeze–pump–thaw cycles, purged with Ar, and stirred at 423 K for 
24 h. Subsequently, the mixture was cooled down, filtrated and precipitate was washed 
with water, dichlormethane, methanol and dried under vacuum at 373 K. Finaly, by 
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Soxhlet extractions for 24 h with water, dichloromethane, methanol and THF, respectively, 
catalyst was obtained as a grey solid. 
 
6.2. Catalysis 
6.2.1. Acid-catalyzed dehydration of sugars 
All dehydration reactions were carried out in a 50 mL stainless-steel autoclave. In a 
typical procedure, sugar (300 mg), acid catalyst (50 mg), water (3 ml) and an organic 
extracting solvent (20 mL MeTHF) were added into the autoclave. The dehydration 
reaction was conducted for 1 h at 403 K to 433 K. After reaction, the reactor was 
cooled and the two phases were analyzed by high-performance liquid chromatography 
(HPLC). 
Quantification of the products was carried out using HPLC (Shimadzu) with 2mM TFA 
as the eluent. The concentrations of HMF and sugars were quantified in the aqueous 
and organic phase with a column-switch setup, combining a 100 and a 300 mm organic 
acid resin columns (8 mm i.D.), wherein HMF was analyzed using an UV detector, 
while analysis of sugars was carried out using a refractive index (RI) detector. 
6.2.2. Hydrolysis of inulin 
Hydrolysis of inulin was performed in a glas vessel equipped with a septum. Herein, 300 
mg of inulin was dissolved in 3 g of distilled water at 343 K. After complete dissolution of 
inulin acid catalyst was added. Using syringe 50µl aliquots of the reaction mixture were 
taken, diluted with 950 mL water and analyzed by HPLC (see 6.2.1).  
6.2.3. Isomerization of gucose over Mg-Al hydrotalcite 
Isomerization of glucose was performed in a 50 mL stainless-steel autoclave. Herein, a 
reaction mixture of 100 mg of glucose dissolved in 3 mL of distilled water and 100 mg of 
Mg-Al hydrotalcite catalyst was heated to 373 K for 6 h. After reaction, catalyst was 
filtered off and solution was analyzed by HPLC (see 6.2.1). 
6.2.4.  Aldol condensation of HMF with aceton 
All condensation reactions were performed in a 36 mL stainless-steel autoclave. A typical 
aldol condensation of HMF and acetone was performed for 5 h at 373 K to 413 K 
dissolving an appropriate amount of HMF in 10 mL of acetone. After reaction, reactor was 
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cooled, the catalyst was filtered off and the clear solution was quantitatively characterized 
by HPLC.  
HPLC-Analyses were performed with Agilent 1260 Infinity System equipped with 50 mm 
Zorbax Eclipse Puls C18 column (4.6 mm i.D.) and UV detector (250 nm). Thereby, 
Methanol/Water-gradient was used as the eluent (A: 30 % Methanol; B: 90 % Methanol; 
linear gradient from 100 % A to 100 % B in 5 min.). 
6.2.5. Hydrogenation  
All hydrogenation reactions were performed in a 36 mL stainless-steel reactor. After aldol 
condensation the residual acetone was removed by rotary evaporation and the 
hydrogenation was continued by adding 10 mL isopropanol and a catalyst. The system was 
pressurized with 50 bar H2 (except for transfer hydrogenation) and the hydrogenation was 
carried out at elevated temperatures for 7 h. After reaction, reactor was cooled, H2 was 
released and catalyst was filtered off.  
The hydrogenation products were analyzed with AT 6890 N gas chromatography (Agilent) 
equipped with a DB-1 column (30 m long, 100% Methylpolysiloxan) and flame ionization 
detector (FID). 1-Octanol was selected as the internal standard for the quantification of 
hydrogenation products. 
 
6.3. Characterization methods 
The nitrogen adsorption-desorption isotherms were measured with an ASAP2010 
adsorption analyser (MICROMERITICS) at liquid nitrogen (77 K). Prior to the 
measurements the samples were degassed at 473 K for at least 6 h. The surface area was 
calculated by the Brunauer, Emmett and Teller (BET) method based on the adsorption data 
in the relative pressure (p/p0) range from 0.01 to 0.20. The total pore volume was estimated 
from the amount of nitrogen adsorbed at p/p0 of 0.99.  
Thermogravimetric analyses were performed using a Netzsch STA 449C TG-DTA/DSC 
instrument. All measurements were carried out under air with a heating rate of 10 K min-1. 
TEM images were taken on a 200 kV cold field emitter Hitachi HF 2000 equipped with 
Si(Li) EDX detector. 
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The X-ray diffraction patterns were recorded on a Stoe STADI P transmission 
diffractometer (Mo Kα1: 0.7093Å; Cu Kα1: 1.54016 Å) equipped with a primary Ge (111) 
monochromator and a linear position sensitive detector. The samples were filled into glass 
capillaries with 0.5 mm Ø and data collection was performed at room temperature. 
The temperature-programmed desorption (TPD) of CO2 was studied using a Thermo 
Electron Corporation TPDRO 1100 series catalytic Surfaces Analyzer equipped with a 
thermocouple (TC) detector. Prior to the adsorption of probe molecule, the samples were 
cleaned by a He stream for 1 h. After that, the desorption process was carried out from 
423 K to 1173 K at 10 K min-1 in He flow. 
The presented IR spectra were collected on a Magna-IR 750 Nicolet FTIR spectrometer 
equipped with ATR cell. 
NMR spectra were recorded on a Bruker AV-400 (400 MHz) spectrometer. 1H NMR 
chemical shifts (δ) are reported in parts per million (ppm) relative to a residual proton peak 
of the solvent, δ = 2.5 for (CD3)2SO.  
Elemental analyses were performed by Kolbe Microanalytical Laboratory. Herein, atomic 
absorption spectroscopy was used for the quantification of Mg/Al hydrotalcites as well as 
Ru, Pt, Pd, Cu and Ni supported spinels. The quantification of S in the acidic polymers was 
accomplished by combustion on a Pt-grid.  
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